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Abstract of the Dissertation
Developing Methods for Diversifying Molecular Scaffolds Directly on a Microelectrode Array
By
Nai-Hua Yeh
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2021
Professor Kevin D. Moeller, Chair

Microelectrode arrays contain collections of spatially isolated electrodes that can be
individually addressed. Thus, the arrays have the potential to support synthesis of molecular
libraries if unique members of the library can be located next to unique electrodes in the array. The
result would be an intriguing platform for screening the molecules in the library against biological
receptors in order to identify high-affinity ligands for those targets, especially since the arrays
themselves can be directly used in the signaling studies. To expand the capabilities of the arrays,
the goal of this thesis is to develop the new array chemistry needed to build a larger library. Our
efforts in this area started with improving the surface coating on the array that supports every
synthetic and analytic experiment conducted on the arrays. Once we had an optimized surface for
performing chemistry on the arrays, I investigated protecting group strategies for parallel synthesis
on the arrays. This eventually led me to develop new chemistry for diversifying molecules on the
array that also facilitates characterization of the array-bound substrates. This new chemistry will
help us to more fully utilize the bioanalytical potential of the arrays.

xvi

Chapter 1: Introduction
1.1

Addressable biomolecular arrays and microelectrode arrays
Biomolecular arrays have been widely applied in DNA,1-3 protein,4 peptide,5-6 and small

molecule7 detection. For example, microarrays of DNA oligomers form the basis of many DNAbased diagnostic tests.8 Based on the different analytical techniques used to read the arrays, a wide
variety of procedures have been used to prepare biomolecular arrays. In these efforts, three key
features need to be addressed: the solid support for the array, surface functionalization, and the
method for detection.4,

6

First, all arrays are built on a solid surface that can be chemically

functionalized. The nature of the surface is frequently defined by the detection method to be used.
Glass, a cheaper material, is often applied when the array is to be monitored by microscopy.
Surface plasmon resonance spectroscopy requires a metal film of specific thickness to be used,9
and mass spectrometry requires a conductive material.10 Second, surface functionalization usually
begins with coating the solid support with a polymer or hydrogel layer. This layer is used to
immobilize individual members of a molecular library at pre-assigned spots or patterns on the
surface.11 Third, the molecular detection methods used either employ a label or can be label free
depending on the method. Fluorescence, chemiluminescence, and colorimetry are common labelbased detection methods. Mass spectrometry, plasmonic methods, and cyclic voltammetry are
typical label-free detection methods. Among these different methods, CombiMatrix (now
CustomArray) and the Moeller Group have cooperated to take advantage of microelectrode arrays
as a solid support. The electrodes in the arrays provide a powerful handle for both functionalizing
the surface of the array and analyzing the biological interactions of molecules once they are that
are fixed to that surface.12-13 In this way, the use of a microelectrode array as a solid support offers
1

a number of unique opportunities to expand the scope of problems to which biomolecular arrays
can be applied.
The key challenge to preparing biomolecular arrays is patterning methods that can direct
either the immobilization or the in situ synthesis of individual members of a molecular library at
specifically designated regions on the solid support. Take peptide arrays as example: peptide
synthesis can either be performed by attaching the presynthesized peptides or by performing the
in situ peptide synthesis directly on the solid support. Merrifield solid-phase peptide synthesis
(SPPS) is the traditional method for synthesizing peptides and then placing these peptides at
specific regions on the solid support. Although SPPS generally provides higher quality peptides
with fewer impurities, SPPS also suffers from longer synthesis expenses and time required to
localize the peptides onto the array.14-16 To this end, in situ synthesis directly on the solid support
minimizes the amounts of reagent and time for purification. Four major patterning methods for in

Figure 1.1. Biomolecular arrays’ technical components: solid support, surface
functionalization, detection methods.6
2

situ peptide synthesis are listed in the Figure 1.1: liquid handler, inkjet printing, photolithography,
and electrochemical methods.
The first parallel, in situ peptide array synthesis was developed by Dr. Geysen and Dr.
Houghten and utilized polyethylene and poly(acrylic acid) solid supports.17-18 These were used to
investigate the antigens for antibody binding via enzyme-linked immunosorbent assay (ELISA)
testing.
Liquid handler methodology, also called SPOT synthesis, was introduced by Dr. Frank and
Dr. Goring in 1988, using Fmoc-protected amino acid monomers to directly synthesize peptide
libraries on cellulose paper discs.19 SPOT synthesis uses either using manual pipetting or a robotic
liquid handling system to dispense amino acids and coupling reagents onto the cellulose membrane.
The hydroxyl group presented on the cellulose membrane then couples with the carboxylate group
in the amino acids and forms the desired ester linker. Compared with other methods, the SPOT
synthesis provides a much rapid and low-cost approach. However, the diffusion of the amino acid
onto the cellulose paper limits the peptide spot density. For example, MultiPep synthesizer by
Intavis offers peptide arrays having 2400 peptides with spot sizes of 2-3 mm and a spot density of
~5 spots/cm2.
Inkjet printing method, also called particle-based synthesis, involves printing solid amino
acid toner particles on the designed region of glass surface analogously to standard paper printers.
In 2007, Dr. Stadler utilized a 24-ink laser printer to transfer Fmoc-protected amino acid toner
particles.5 Then the toner particles are melted at the same time and release the amino acid for the
amide coupling reaction.20-21 Laser printing methods efficiently avoids the diffusion problems
inherent to SPOT methods and generates smaller spot sizes and higher spot density. However, the

3

success of this method relies on the state-of-art laser-printing technology to print peptides onto the
desired areas of surface.
Photolithographic approach was developed by Dr. Fodor in 1991, and is the most
developed and successful of these patterning methods to date.2 This method takes advantage of
peptides

functionalized

with

photolabile

protecting

groups

(for

example,

the

nitroveratryloxycarbonyl or NVOC group). Photomask patterns are then used to control which
locations on the surface are exposed to the light. The photolabile protecting group is only released
from the peptide if it is irradiated. The unmasked group on the surface is then used in parallel
synthesis to couple with the next amino acid. This method can generate high density arrays and it
has become an industry standard for building chip-based libraries.22-24 The significant drawback,
however, is the expensive photomasks and inefficiency for multistep cycles.
The development of electrochemical methods is an attractive alternative approach to
circumvent the above-mentioned technology issues. The potential of the microelectrode array for
parallel library synthesis arises from the fact that it contains electrodes that are each individually
addressable by the more cost-efficient personal computer. In this way, molecules can be
immobilized onto the pre-selected electrodes and built upon using electrosynthetic methods. For
example, Combimatrix has expand this effort to construct DNA microarray,25 antibody
microarray,26-28 and peptide microarray.29 Take YGGFL peptide synthesis in Figure 1.2 as example:
the N-terminal amino acid protected t-Boc group can be site-selectively deprotected and then the
amide coupling reaction extends the peptide chain. The YGGFL (endorphin sequence) was then
bound by the Cy5-labeled anti-β-endorphin antibody to verify the formation of peptide sequence
on the surface.

4

Figure 1.2. Peptides with a YGGFL sequence synthesized on the microelectrode array.

In situ peptide synthesis methods, however, have difficulty verifying the actual sequences
of peptides on the array surface. This is the reason that the Moeller Group has focused research
efforts to expand the synthetic methodology on the microelectrode array and offer unique synthetic
potential versus other approaches.12 Our goal is to use the electrodes as synthetic tools that can
bring much of synthetic chemistry to bear on the reactions at the electrodes. This in turn leads to
a library in which the molecules are located by specific addressable electrodes. Electrochemical
signaling methods can then be used to monitor the behavior of the molecules placed on the surface
and then recover the molecules for structural characterization.

5

1.2

Microelectrode array specifications
Microelectrode arrays contain collections of spatially isolated electrodes that can be

individually addressed; thus, the arrays have the potential to support an addressable molecular
library if each unique member of the library can be located next to a unique, addressable set of
electrodes in the array.22, 27, 30-31 The result would be an intriguing platform for screening each
member of the molecular library against biological receptors using the electrodes in the array, an
effort that would provide a label-free method for analyzing the binding events in real time (see
below, Chapter 1.3). Two types of microelectrode arrays, each available from CustomArray, are
used in this thesis: 1K and 12 K arrays (Figure 1.3).32 The 1K array is the abbreviated name for an
array having 1,024 electrodes in a 1 cm2 area. The diameter of each circular platinum electrode is
92 μm and the distance between the electrodes are 245.3 μm vertically and 337.3 μm horizontally.
The 1K arrays are ideal for synthetic methodology development studies because they can be
inserted into vials along with a Pt-counter electrode and run just like any other synthetic
electrochemical reaction (Figure 1.3, (b)). Hence, changes to reaction conditions are easily
implemented. The 12K array is the abbreviated name for an array 12,544 electrodes in a 1 cm2
area. The diameter of each circular platinum electrode is 44 μm and distance between the
electrodes is 33 μm. The 12 K arrays have both synthetic and cyclic voltammetry capabilities, and
they are employed for all analytical studies. As we will see below, synthetically they are run as
thin film flow cells (Figure 1.3, (d)).

6

Figure 1.3. Two types of microelectrode arrays.
(a)1K array and its enlarged picture; (b) 1K array setup; (c) 12K array and its enlarged picture;
(d) 12K array setup.

From a structural standpoint, the arrays have the circuit wiring and electrodes below a
passivation layer, silicon nitride (Si3N4), that protects the wiring from the reaction solution above
the array. The electrodes are then exposed to the solution by removing the passivation layer above
those sites in the circuit with a laser. This makes the electrodes available to a reaction while still
protecting the electronics that run the electrodes. Dr. Hu in our group measured the depth of the
well created above the electrode in a 12K array using this method to be around 0.5 μm by AFM.33

7

1.3

Fundamentals of array-based signaling studies
In signaling studies conducted on the arrays, an electrochemical impedance experiment is

used to monitor the binding interaction between small molecules bound to the surface of the arrays
and biological receptors in the solution above the array.34 In this approach, an array with multiple
molecules attached to its surface is incubated in a solution along with a redox mediator (typically
an iron species as shown in Figure 1.4). Cyclic voltammetry is used to measure the current
associated with the redox mediator at each electrode in the array. Typically, the redox mediator is
oxidized at the array and then reduced again at a remote Pt-electrode. This current is set as the
background current. Once the receptor is added to the solution above the array, it will bind
members of the library for which it has an affinity (M1 in the "cartoon" shown in the Figure 1.4).
The binding of the receptor to the molecule on the surface will alter the conductivity of the surface
by the associated electrode. Most of the time, this binding event will sterically inhibit the redox
mediator from reaching the electrode below and cause the current measured at that electrode to
decrease as shown in the Figure 1.4. As the concentration of M1 receptor above the array is

Figure 1.4. Signaling strategies: Electrochemical impedance experiment.
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increased, more binding interactions occur between M1 receptor and M1 molecule on the surface.
This further decreases the current being measured. A plot of this current decrease vs. the receptor
concentration provides a measure of the relative binding affinity between the receptor and M1. In
this way, each molecule bound to the array can be evaluated for its binding to the targeted receptor
in real-time without any need to label the receptor or the ligand for that receptor.
One example of employing a microelectrode array along these lines examined the binding
interaction between a v107 peptide analogue and its vascular endothelial growth factor (VEGF)
target protein (Scheme 1.1).35 The study was conducted as part of an effort to determine if the more
cost available murine VEGF protein could be used to mimic the behavior of the human VEGF.
The peptide was placed on the array and then the current for an iron mediator in solution measured
as the concentration of either the murine or human VEGF was varied. The measured currents were
normalized by setting the maximum current measured on the array to be zero and the minimum
current at one. The difference in the current from the maximum was plotted again the concentration
of the current. In this way, an increase in binding interaction is seen as an increase in the relative
change in current. In both cases, the current measured for the mediator dropped at the electrodes
functionalized with v107 peptide as the receptor concentration was increased. The curve generated
using the murine VEGF was very similar to the curve generated with the human VEGF, a result
showed that the two proteins bound the v107 peptide in a similar manner. Hence, the cheaper
murine VEGF protein could be used to screen the viability of v107 analogs.
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Scheme 1.1. VEGF-v107 binding signaling studies.
(a) acetylene placement reaction of v107-petide on microelectrode array. (b) Binding of v107
with murine VEGF (blue), relative to a negative control (orange) and unfunctionalized borate
ester polymer (green). (c) Binding of v107 with human VEGF (blue), relative to
unfunctionalized borate ester polymer (gray).

1.4

Fundamentals of array-based synthesis reactions
As mentioned earlier, the key challenge to performing a binding study is patterning

methods that can direct in situ synthesis of each individual members of a molecular library at
specifically designated region of solid support. One advantage of using microelectrode array is the
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ability to control the exact location of reactions on the array by the electrodes themselves. The siteselective reactions conducted on a microelectrode array is illustrated in Scheme 1.2.36 In this
approach, the array is coated with the functionalized, porous polymer, and then the electrodes in
the array employed to reverse the polarity of a reagent or catalyst precursor in the solution above
the array. This leads to generate the desired reagent or catalyst where it is needed. The reagent or
catalyst generated at the desired electrode is then confined to the region of the array with the use
of confining-agent. Confining-agent in the solution phase above the array is then used to destroy
the reagent or catalyst before it can migrate to remote sites on the array.

Scheme 1.2. Basic idea of reaction on array.4

In many ways, it is easiest to understand these issued by examining a representative
example. In Scheme 1.3, a Suzuki reaction is illustrated that took advantage of an array coated
with agarose.36 The agarose coating provided free hydroxyl groups on the surface of the array so
that the substrate for the Suzuki reaction could be placed on the array above the electrodes using
an esterification reaction and N-succinimidyl 4-iodobenzoate. The reaction was conducted at every
electrode in the array – a "whole board pattern" – by using the electrode as a cathode to reduce
vitamin B12. Hence, the agarose had to be porous enough to allow the passage of vitamin B12 from
11

Scheme 1.3. Array-based Pd(0)-catalyzed Suzuki reaction.4
the solution above the array to the surface of the electrode. The reduction of vitamin B12 generated
a base that promoted the esterification reaction by the electrode used for the reduction. Since all
of the electrodes in the array were used for the reduction, the reaction took place by every electrode
in the array. For a site-selective reaction, one would simply use selected electrode in the array
instead of the whole board. In this case, the whole board was used to place the Suzuki substrate on
the array so that the selectivity of the Suzuki reaction could be examined.
For the Suzuki reaction, three main items were needed in the solution above the array: a
coupling partner for the aryl iodide, a Pd(II) inactive precursor to the Pd(0)-catalyst needed for the
reaction, and a confining agent to prevent the Pd(0) generated at any electrode from reaching a
neighboring electrode.37 To this end, the array was inserted into a solution containing pyrene-1boronic acid, palladium (II) acetate, and allyl acetate. In addition, the solution contained
triphenylphosphine to keep the Pd-species in solution, tetrabutylammonium bromide as an
electrolyte to keep resistance in the electrochemical cell low, and triethylamine to scavenge
protons generated at the anode and in so doing protect the agarose surface from acid decomposition.
Once the array was inserted into this solution, selected electrodes were used as cathodes to reduce
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palladium acetate to the required Pd(0)-catalyst. This led to a Suzuki reaction between the aryl
iodide solution fixed to the surface of the electrodes used for the reduction and the pyrene-1boronic acid in solution. The Suzuki reaction, of course, does not consume the Pd(0)-catalyst. So,
in the absence of a confining agent in solution the Pd(0) generated at the cathodes would easily
migrate to the neighboring electrodes that were only 245.3 μm away in a 1K array and 33 μm away
in a 12K array.30 Fortunately, allyl acetate was added to the solution as a confining agent to prevent
that migration reaction. Allyl acetate undergoes a fast reaction with Pd(0)-catalysts to generate a
π-allyl Pd(II) species that can no longer catalyze the Suzuki reaction. By controlling the
concentration of the confining agent relative to the rate of catalyst generation at the electrodes, all
of the Pd(0)-catalyst can be destroyed before any of it migrates to a nearby electrode. In the
reaction shown, a checkerboard pattern of electrodes were used for the generation of Pd(0).
While the concentration of the confining agent is easy to control, a bit more detailed
discussion is needed in terms of controlling the rate of catalyst generation. For the arrays, a
computer program is used to control the potential applied across the electrolysis cell (and hence
magnitude of the current used), the reaction time, and whether the electrode is used as an anode
for oxidation or a cathode for reduction. All array reaction are constant current electrolysis
reactions. Hence, the potential reported is a "cell-potential" and therefore a measure of the drop in
potential between the working electrode and the counter electrode. The larger the potential that is
applied, the faster the current passed through the cell and the faster the catalyst is generated at the
surface of the working electrode. Further control over the rate of catalyst generation can be gained
by turning the selected electrodes on for a set period of times and then turning the off again for a
period of time. When the electrodes are turned on, the active catalyst is generated where that is
needed. When the electrodes are turned off, the confining agent has a chance to catchup and
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consume the catalyst. It is this balance between generating the catalyst at the electrode and then
destroying it above the electrode that allow one to adjust how far the reactive species can travel
away from the electrode before it is consumed. That controls the distance the catalyst can travel
on the array from its site of generation.

1.5

Polymer coatings for microelectrode array
With that background, it is time to turn our attention back to the porous coating that lays

the foundation for the experiment. All array-based reactions start by coating the array with a
polymer (the squiggly line shown in array-based reactions illustrated in this thesis Schemes and
Figures). This polymer layer provides the functional groups needed for attaching molecules to the
surface.38 In addition, it must be stable to the reaction conditions employed and porous enough to
allow chemical reagents in solution to reach the polymer below. For the Suzuki reaction (above,
Scheme 1.3), the surface must be porous enough for the Pd-reagents to migrate to and from the
electrode, and the reaction surface must be stable to the chemistry employed. To this end, the
sucrose and agarose polymer coatings initially used were excellent choices. They were porous and
stable enough to allow for the proof of principle experiments that defined the synthetic capabilities
of the overall strategy outlined above. They were also an excellent initial choice because they are
not too stable and can be easily remove form the array.29, 39 This allowed for the arrays to be
recycled and used to probe multiple reaction conditions.
However, for the construction of a molecular library to be used for probing biological
interactions, a more stable surface was needed. In addition, the agarose surface proved to be
unstable to acid and even significant concentrations of a Lewis acid like the Pd(II)-precursor used
for the Suzuki reaction. Pd(II) precursor can be served as a Lewis acid to generate oxonium ions
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at the anomeric carbons of the sucrose surface (Scheme 1.4). The oxonium ion can then be attacked
by solution phase nucleophile to form background reaction. In the end, sucrose and agarose surface
are not stable enough for building larger molecular library, a new porous reaction layer is required.

Scheme 1.4. Pd(II)-catalyzed background reaction on agarose surface.

With this in mind, our group moved to the use of a diblock copolymer-based coating for
the arrays (Figure 1.5).33, 40 In this chemistry, one block of polymer is a relatively hydrophilic
block employing cinnamoyl-substituted polymethacrylate. Once the polymer is spin-coated onto

Figure 1.5. Diblock copolymer surface for the array.5
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the surface of an array, the cinnamate ester group in this block can be photo-crosslinked in order
to add stability to the surface. The second block in the polymer is a polystyrene block containing
the functionality, either a bromide or borate ester, needed to add molecules to the surface of the
array by the electrodes. More detail about the synthesis and characterization of the diblock
copolymers will be discussed in Chapter 2.
The first is aryl bromide surface, having X = Br. This is the best surface developed to date
for array-based synthesis. The aryl bromide in the diblock copolymer can be used to undergo
Pd(0)-and Cu(I)-catalyzed reaction. Dr. Hu had showed the generality of the aryl bromide polymer
support to site-selectively Cu(I)-catalyzed reaction (left, C pattern), Pd(0)-catalyzed Heck reaction
(bottom, H pattern), and Pd(0)-catalyzed Suzuki reaction (right, S pattern) on the 1K array, three
reactions were run side by side on a 1K array as shown in Scheme 1.5.33 The resulting array was
evaluated with the use of a fluorescence microscope and obtained the desired CHS pattern image

Scheme 1.5. Pd(0)- and Cu(I)-catalyzed reactions on bromide surface.
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as shown in Scheme 1.5. These three reactions were also successfully conducted on the aryl
bromide polymer coated 12K array in a similar manner.
While this chemical stability of the aryl bromide surface is a real strength, two problems
led us continue to search new surfaces to support the synthetic and analytical studies.38 First,
bromide polymer showed a significant nonspecific background binding. Our goal is using
microelectrode arrays to monitor weaker binding interactions. Thus, it is clear that nonspecific
background binding of the analytes in the solution above the array can lead to artificially inflated
binding interactions between the solution and the array. Second, aryl bromide surface does not
swell sufficiently in aqueous solvent to allow for solubilized redox mediators to readily reach the
electrode below. This leads to a small total current.41 The small total current made it difficult to
accurately measure a decrease current when binding interaction happened on the array surface. It
was thought that bromide polymer was too hydrophobic, not effectively swelling in the water
solution used for signaling study, and not permeable for the iron species passing the polymer layer
and reaching the electrode below this.
It was for this reason that the arylborate surface was developed. The arylborate derived
polymer offered two main advantages. First, it is more soluble in water, leading to greater swelling
of the polymer. This allows more mediator to reach the surface of the array and results in a

Scheme 1.6. Diol exchange reaction on a borate ester surface.
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significantly higher baseline current for the signaling studies, and greatly improved signal to noise
in analytical experiments.42 Second, the borate ester surface can be tuned to change its properties
by exchanging the pinacol protecting group for any other diol needed as shown in Scheme 1.6.40
In this way, the polymer could be modified to potentially minimize background binding events.
Aryl borate ester surface not only underwent reversible reactions with diols as planned in
Scheme 1.6, but it also was compatible with site-selective Chan-Lam coupling reactions that
allowed for the addition of a variety of nucleophiles (alcohol, thiol, amine, and acetylene) to the
polymer coating as example in Scheme 1.7.35, 43

Scheme 1.7. Chan-Lam coupling reactions on borate ester surface.

1.6

Characterizing molecules on the array with mass spectrometry
While attaching fluorescence molecules (ex: pyrene) polymer above a selected electrode

provides a convenient approach to determine the level of confinement for a reaction run on an
array, it provides little information about the structure of the molecule attached to the surface of
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Scheme 1.8. Site-selectively array-based Wacker oxidation.
the array or the yield of a reaction used. With this in mind, the Moeller group has used two
approaches to characterize molecules on the arrays. The first technique used was time-of-flight
secondary ion mass spectrometry (TOF-SIMS).44-45 The utility of this method was demonstrated
by monitoring the course of a site-selective Wacker oxidation conducted on a microelectrode array.
The key to this effort was the use of a mass spectrometry cleavable linker to attach the reaction
substrate to the polymer coating on the array. The cleavable linker was necessary in order to see
the substrate above the background noise caused by fragmentation of the polymer surface itself.
The reaction itself (Scheme 1.8) was first pioneered by coupling a hydroxy group on an agarose
coated array to an olefin substrate and then using the selected electrodes in the array as anodes to
oxidize a Pd(0)-precursor to generate the Pd(II)-oxidant needed for a Wacker oxidation.45-46 As in
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the preparative electrochemical Wacker oxidation,47-48 the oxidation of the palladium was
mediated by tris-(4-bromophenyl) amine. The reaction was confined by the presence ethyl vinyl
ether in solution, a substrate that quickly undergoes the Wacker oxidation in solution to form ethyl
acetate, a reaction that destroys any Pd(II)-oxidant that migrates away from the electrodes used.
The selectivity of the reaction was confirmed by using the ketone generated to form a 2,4-DNP
derivative and then using a fluorescently labeled antibody to detect the hydrazone. This method
showed that the reaction had been selective in terms of its location on the array, but it provided no
information as to how well the reaction worked at those sites.
With this in mind, the experiment was repeated with an aryl ring based linker between the
olefin substrate and the surface of the array (Scheme 1.9). The same Wacker oxidation reaction

Scheme 1.9. Analyzing Wacker oxidation reaction by TOF-SIMS experiment.
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was then used to convert the olefin to its ketone product. The array was then examined by TOFSIMS to determine the nature of the product generated. Under the TOF-SIMS conditions, the linker
used for the experiment shown in Scheme 1.9 cleaved from the agarose polymer in its entirety
(olefin loss of m/z 331 and ketone product loss of m/z 347) or underwent a McLafferty
fragmentation to release the substrate or product from the array (olefin loss of m/z 183 and ketone
product loss of m/z 199). While this method worked well and a number of cleavable linkers were
developed, the method also led to destruction of the array itself. Hence, TOF-SIMS was not a
viable means for monitoring the structure of molecules in an array that one wanted to save for
further biological studies.
While this method worked well and a number of cleavable linkers were developed, the
method also led to destruction of the array itself. Hence, TOF-SIMS was not a viable means for
monitoring the structure of molecules in an array that one wanted to save for further biological
studies. For this reason, a second, acid-cleavable Kenner safety catch linker approach49 to
characterizing molecules on the array was developed.50 Safety-catch linkers were developed as a
means by which molecules could be cleaved off of solid supports. In general, the utilize an acid of

Scheme 1.10. Safety-Catch linkers on Microelectrode arrays.
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base cleavable protection group to mask an alcohol or amine nucleophile and an ester linkage
between the molecule and the solid support. When the protecting group is removed from the
alcohol or amine nucleophile, a subsequent cyclization to form a lactone or lactam cleaves the
ester linkage to the support and frees the molecule. This strategy can be readily adopted to use on
an array because electrodes can be used to make the acid or base needed to cleave the protecting
group. On such strategy is illustrated in Scheme 1.10. In this case, a pyrene group was added to
every electrode on an array with the use of a safety-catch linker that contained a t-Boc protected
amine. The linker was then cleaved by selected electrodes by using those electrodes as anodes to
oxidize the 1,2-diphenylhydrazine and form diazobenzene plus 2 equivalents of acid. An excess
of the hydrazine was used as the confining agent to neutralize any extra acid before it could migrate
away from the selected electrodes. Deprotection of the amine led to the anticipated lactam
formation and cleavage of the molecule from the array. This occurred site selectively as shown in
the image provided (a checkerboard pattern of electrodes was used). The resulting solution above
the array was analyzed by LC-MS to identify that it was indeed the lactam that was cleaved from
the array. While the experiment shown was a simple proof of principle experiment, the chemistry
was used to determine the endo/exo ratio of Diels-Alder reactions conducted on the arrays without
destroying the array itself. Furthermore, it is important to note that it is the electrode itself that is
used to remove the molecule from the surface of the array. Hence, if an electrode records a signal
during an analytical experiment, the same electrode can be used to remove the molecule from the
surface of the array for characterization. So, the fidelity between an observed signal and
characterization of the molecule that gave rise to that signal is perfect.
These two mass spectrometry experiments demonstrated is useful for characterizing not
only the composition of the molecules synthesized, but also their stereochemistry.
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1.7

Introduction to combinatorial synthesis
As we have seen from the discussion above, The Moeller Group has reached a point where

we can place molecules onto a microelectrode array and then use the array to probe binding events
between those molecules and a targeted biological receptor (for example Scheme 1.1). Significant
information can be gained from such an effort. However, if one wants to optimize a binding event
such as that between v107 peptide analog and the target receptor, the methodology developed to
date has its limitations. For such an exercise, it would be best if a peptide library based on the
initial lead structure could be prepared and analyzed. In such strategies, combinatorial approaches
to the synthesis of larger libraries are typically utilized.
Combinatorial chemistry, or multiple parallel synthesis, is an approach to synthesis that
frequently takes advantage of the solid-phase synthesis of peptides that was developed by Bruce
Merrifield and coworkers and first reported 1962.51 The primary benefit of using the approach is
speed since it enables the conversion of a single starting material into a larger library by using a
series of common reactions.52 Two approaches are typically used; the split pool method and
parallel synthesis.
In a split pool method (Figure 1.6), a starting material is split into a number of pools (4 in
the figure) and then a different reaction is run in each pool. The products are then recombined,
mixed, split into four different pools again, and then the four reactions repeated. In just these two
iterations, sixteen (42) new compounds are generated. A third iteration leads to 64 (43) new
compounds, etc. This method generates a lot of molecules in a very rapid manner, but those
molecules are obtained as a complex mixture, a scenario that complicates the subsequent analysis
and characterization.
23

Figure 1.6. Split pool method.

In a parallel synthesis (Figure 1.7),52 the initial starting material is again split into a set
number of starting groups (illustrated for four in the figure). Typically, the starting material is
placed in different wells on a microtiter plate. A coupling reaction with four different groups then
leads to four different molecules. In parallel, the product from the first coupling reaction is then
deprotected in all four wells a new reaction is run. The sequence is repeated to build a unique
molecule in each well. The size of the library depends on the number of wells used and the number
of coupling partners available (B- groups in the Figure 1.7 but there could also be C-groups, Dgroups, etc.). The libraries made using this combinatorial approach are smaller, but each member
of the library is a single entity that can be isolated, purified, and characterized.
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Figure 1.7. Parallel synthesis.

1.8

Moeller’s group examples for selective deprotection
Of the two combinatorial methods mentioned, the parallel synthesis approach would appear

to be the best approach for building an array-based library because it provides pure materials for
the subsequent analysis on the individually addressable electrodes. With the tiny (fmolar) amount
of material utilized on an array, an electrochemical "hit" that indicated binding to a member of a
mixture that then required separation of the mixture would be extremely problematic. With that
backdrop, there are two ways to approach the problem of building an array-based library from a
parallel synthesis. Either the library can be built by the parallel synthesis approach using the
classical methodology and then the molecules synthesized transferred to the microelectrode array,
or the parallel synthesis can be conducted on the array itself so that each member of the library is
automatically built proximal to the addressable electrode or set of electrodes in the array that will
be used to monitor its behavior. Of these two possibilities, the second is far preferable. After all,
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who wants to transfer a molecular library of any significant size to the array one molecule at a
time?
With this in mind, our attention turned toward developing parallel synthesis strategies that
would work on a microelectrode array. One example of site-selective oxidation had been
conducted on the arrays and was quite successful. In this case, the reaction did lead to a
deprotection strategy on the arrays (Scheme 1.11).53-55 The chemistry took advantage of an
observation by Yoshida and coworkers that a silyl group on the carbon alpha to an amide would
lower its oxidation potential.56-60 Our group found that this potential shift was 250 mV greater
when the silyl group was substituted with a dimethoxyphenyl group relative to the trimethylsilyl
group used by Yoshida and coworkers.56 This allowed for both a direct oxidation to selectively
remove the more electron rich silyl group leading to N-acyliminium ion formation as well as the
use of cerium ammonium nitrate (CAN) as a chemical oxidant or oxidative mediator for the
reaction. This allowed for the preparative addition of nucleophiles to just one site in the molecule;
methanol was used as the nucleophile in the experiment shown.

Scheme 1.11. Using electroauxiliary for selectively function peptidomimetics.
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This chemistry was moved to the microelectrode array (Scheme 1.12).39, 61 In fact, it was
developed for the functionalization of peptides on an array. In this case, the substrate used on the
surface of the array was also used as the confining agent for the reaction. This made the setup was
very easy. A solution phase reaction was set up using a catalytic amount of the ceric ammonium
nitrate. This consumed the CAN and insured that no oxidation could take place on the array
anywhere other than where the CAN was regenerated. The array was inserted into the reaction and
then selected electrodes in the array used as anodes (in this case every other electrode). The
nucleophile added to solution was 1-pyrenebutanol, a nucleophile that labeled sites on the array
that underwent the reaction and allowed for the confinement strategy used to be evaluated by
fluorescence microscopy.

Scheme 1.12. A selective deprotection conducted on an array.

The reaction serves as a reminder that synthetic reactions conducted on microelectrode
arrays are standard synthetic reactions that utilize chemical reagents. They are not per say
"electrochemical reactions". Instead, the electrodes in the arrays are simply used to synthesize the
chemical reagents needed at the locations on the array where the reaction is desired. A confining
agent is used to make sure the reagent does not migrate elsewhere on the array. Hence, a wide
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variety of reactions can be conducted on the arrays,12 an observation that will in the end serve this
project well.

1.9

Oxidative mediators
It is important to remember that array-based reactions are indirect, or mediated, electrolysis

under galvanostatic conditions (or called constant current condition). In fact, many array reactions
are not really electrochemical reactions at all, but rather chemical reactions where the chemical
reagent or catalyst used was simply generated by an electrolysis. However, for the current plan the
chemistry falls into the more classical definition of a mediated oxidation or reduction. Such
reactions have a number of very useful attributes.62 First, a mediated electron transfer can occur at
a lower potential that what would be typically needed for the direct electrolysis. This has the
potential to significantly reduce side reactions as well as save energy (not an issue for an array
reaction of course). Second, a mediated electron transfer can help to avoid electrode passivation
occurring from either polymer deposition on the electrode surface from the reduced or oxidized
substrate or deposition of a decomposed reagent (a metal oxide onto an electrode surface, etc.).
The advantage of redox mediated electrolysis can be illustrated by an example shown in Scheme
1.13.62-63 The oxidation potential difference between p-methoxybenzyl ether (PMB) and the
styrenyl portion of the 4-phenyl-3-butenol is 100 mV. When the PMB group was removed using
a direct electrolysis with the potential set in between the two groups, a mixture of products was
obtained. Passivation of the anode was observed, presumably due to polymerization of the styrene
based radical cation. While one could adjust the potential until it was a bit lower than the PMB
group and hope that the styrenyl portion of the molecule adsorbing to the electrode was not part of
the initial selectivity problem, the problem could be readily solved with an indirect electrolysis. In
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Scheme 1.13. A mediator and a selective deprotection reaction.
this case, the mediator selected had an oxidation potential that was a full 550 mV lower than that
of the PMB group. At such a low potential, no direct oxidation of the substrate would occur at the
electrode. Instead, the mediator was oxidized and then interacted in solution with the substrate.
This led to oxidation of the substrate. In such cases, an electron is transferred uphill in energy from
the substrate to the mediator. This process favors the radical cation of the mediator from a
thermodynamic standpoint. However, if there is a fast follow up reaction that involves the radical
cation of the substrate, then the reaction is controlled by the Curtin-Hammett Principle and the
equilibrium is drained toward the desired product. This results in a high level of selectivity for the
more oxidizable PMB group. It is this Curtin-Hammett control of the reaction that leads to the
earlier statement that the use of a mediator can lower the oxidation potential required for
accomplishing a desired transformation.
The example shown in Scheme 1.13 was not chosen by accident, but rather with the
proposed array-based deprotection strategy in mind. The mediator shown is a member of a series
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of mediators developed by the Fry group.

64-65

In this series, variation of the substituent on the

phenyl ring can be used to tune the oxidation potential of the mediator. This tuning demonstrated
a linear correlation between the Hammett constants of the substituents and the observed oxidation
potentials that showed a correlation coefficient of R2 = 0.96.65 The Hammett constants are
correlated with substituents electron donating or withdrawing ability, so the oxidation potential of
the mediator could be predictably varied.66 More accurate computational approaches using
ionization potential Ip or electron affinities EA by the B3LYP hybrid functional basis set, the 631+G* basis set, and the polarized continuum (PCM) solvent model afforded R2-values of 0.99.67
The point is that with a set of tunable mediators available, it appeared that we should be able to
select a proper mediator for any given oxidative-deprotection needed on the array. A similar
imidazole based set of mediators has been developed by Little and Francke62,
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This set of

mediators is easier to synthesize, but with the commercial availability of the mediator shown in
Scheme 1.13 it seemed like a great starting point, especially since it has been used previously in
connection with site-selective Wacker oxidations on the arrays.45

1.10 Aims of this project
One of the things that was clear from these earlier efforts is that the development of
synthetic capabilities on the arrays provides new opportunities for using the arrays in biological
studies. It is after all the nature of the molecules that can be synthesized on the arrays that defines
the nature of the molecules that can be analyzed on the arrays, and it is the ability to characterized
those molecules that defines the quality of the data obtained from those analytical studies. With
that in mind, one member of a molecular library can be placed on the surface of the array at a time
with very high selectivity. But, the addition of one molecule at a time to the array limits the size
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of the library that can be analyzed. In order to expand the capabilities of the array, our efforts are
now focused on developing the new chemistry needed to build a larger, addressable library on an
array. This effort has required new strategies for optimizing the porous surface used as the platform
for building and analyzing molecular libraries on a microelectrode array (Chapter 2), and new
protecting group strategies for conducting site selective parallel synthesis efforts on the arrays
(Chapter 3-5). The work discussed will detail what has been accomplished in those ongoing efforts
as well as highlight the challenges that remain moving forward.
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Chapter 2: Optimized polymer surface on
microelectrode arrays for chemical synthesis and
biochemical signaling studies
2.1

Introduction
As mentioned in Chapter 1, the long-term goal of the microelectrode arrays project is to

employ the arrays as analytical tools to monitor ligand-receptor binding events in real-time.1-4 The
effort involves the development of both synthetic and analytical methods on the arrays. At the
heart of these efforts is the porous reaction layer that is used to coat the arrays and provide
attachment sites for molecules that are to be fixed to the surface of the electrodes.

2.1.1 The summary of arylbromide and arylborate surface
As mentioned earlier, two diblock copolymers have proved to be particularly useful: one
that provides an arylbromide surface and one that provides an arylborate ester surface. Both
contain a hydrophilic block that is functionalized with a cinnamate ester. The cinnamate is
photochemically crosslinked followed placement of the polymer on an array to provide greater
stability to the surface. Both polymers also contain a polystyrene hydrophobic block that is
functionalized so that groups can be added to the surface. They differ in functional group with one
polymer containing a bromide5 and the other a borate ester.6 The two different functional groups
allow for different chemistry to be used on the surface of the array. Both are compatible with
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transition metal coupling reactions that provide an ideal method for adding molecules to the
surface of an array.1 The summary of previous substrate placement reactions done on the
arylbromide and arylborate surface is shown in the Table 2.1.1-4 Of note, the reversible diol
exchange reaction that can be done on the borate ester surface is reversible and allows for the
surface of the array to be tuned.

Table 2.1. Summary of reactions have been developed for bromide and borate ester polymers.

Unfortunately, neither polymer is ideal. The arylbromide-based surface is the best surface
developed to date for array-based syntheses. It is stable to background reactions and not sensitive
to acid and base. However, it is relatively hydrophobic and leads to small current measurements
and poor signal to noise in an analytical experiment (red curve in Figure 2.1). The more hydrophilic
arylborate surface is outstanding in terms of its compatibility with electrochemical signaling
studies, but it is too reactive. It undergoes reactions under acidic and basic conditions, as well as
background reactions in the presence of a variety of catalysts. For an example, efforts to conduct
Cu(I)-catalyzed click reactions like the one described in Scheme 2.1 failed when the Cu(II)41

Figure 2.1. The background CV comparison between the arylbromide-based surface and
arylborate ester surface.
precursor needed for the reaction itself catalyzed the addition of both acetylenes and azides to the
borate ester surface.7 Note how the pattern used on the arrays for the click reaction did not show
the expected fluorescent spots by the electrodes selected for the click reaction (12 boxes of 12
selected electrodes was the pattern used) but instead showed the fluorescence from the surface of
the array surrounding the electrodes while the electrodes themselves remained dark. This was true
for the whole surface of the array. The image was the result of a Cu(II)-catalyzed addition of the
acetylene nucleophile to the borate ester groups. It did not occur over the electrodes because the
first reaction in the sequence replaced the borate esters with the thiol nucleoph1-4ile by the
electrodes. It should be noted that a similar reaction on the bromide surface worked perfectly.7
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Scheme 2.1. Borate ester surface failed Cu(I)-catalyzed Click reaction (because Cu(II)catalyzed acetylene addition to the Borate Ester Surface).

2.1.2 Aryl borylation reaction
Aryl borylation substrates have been widely studied in current synthetic organic chemistry
as they serve as substrates for lots of useful reactions such as the Suzuki-Miyaura cross-coupling
reaction,8-9 the Chan-Lam coupling reaction,10-12 and the Petasis-Borono Mannich reaction.13 The
current methods to synthesize boronic acids and esters include palladium catalyzed Miyaura
borylation of alkoxy diboron14-15 or alkoxy borane16 reagents, the related copper17-18 or nickel19-20
catalyzed borylation, transmetallation by metal/halogen exchange,21-22 and iridium-catalyzed C-H
borylation.23-24 In this chapter, I focused on the synthesis of aryl borates from arylbromides with
the use of Pd(0)-catalyzed or Cu(I)-catalyzed cross-coupling reactions of bis(pinacolato)diboron
(B2Pin2) (Scheme 2.2).14, 18
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Scheme 2.2. Examples of (a) Pd(0)-catalyzed; (b) Cu(I)-catalyzed borylation reaction.

It is important for us to study both Pd(0)-catalyzed and Cu(I)-catalyzed reaction not only
because the copper-based reaction is a cost-effective alternative to the palladium-based procedure,
but also because we have found that removal of residual palladium from the polymer coating on
the array is difficult. Residual palladium catalyst imbedded in the polymer serves as an active
redox couple that interferes with subsequent electrochemical signaling studies. The copper-based
alternatives do not have this complication. 25-26

2.1.3 Hypothesis
The point of this discussion is that the best surface (the bromide polymer) for supporting a
molecular library synthesis is not good for signaling studies, and the best surface for the signaling
studies (the borate ester polymer) is not stable enough to support synthesis. I hypothesized that a
more porous polymer surface would increase the CV signal for the biological array signaling
studies by allowing more of the redox mediator to reach the electrodes below. In order to achieve
the more porous polymer surface, my strategy involved reducing the amount of crosslinked block
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in the bromide polymer core structure.27 If this failed, I hoped to convert an arylbromide based
coating on a microelectrode array into an arylborate based coating.28 This second strategy would
allow me to take advantage of both polymer surfaces on the same array; a scenario that would
allow the surface to be optimized for both synthesis and signaling studies.

2.2

Results and Discussions

2.2.1 Synthesis of different ratios of diblock copolymer
As mentioned above, the utilization of a microelectrode array to analyze a larger library is
greatly dependent on the quality of the surface used to coat the array. It must be compatible with
the electrochemical requirements of both the synthesis and signaling experiments.
Since the arylbromide-based surface is outstanding in terms of chemical stability and
supporting synthesis, our first approach was to keep the arylbromide-based surface for the
synthesis and then make it more compatible for the signaling studies by changing the core structure
of the diblock copolymer. The approach would mean less juggling of the surface after synthesizing
a library and a simpler overall operation.
With this in mind, I first turned my attention toward reducing the total number of crosslinks
in the polymer. The lower crosslinking density in copolymer could increase the ability of the
polymer to swell in aqueous media and make the polymer more porous so that it would, potentially
be more permeable to the redox mediator used for the signaling study.29-31 The crosslinking density
of the bromide polymer was controlled by either content of cinnamate groups in a copolymer
(numbers m of CEMA units) or irradiation time (Method A and B in Scheme 2.3).

45

Scheme 2.3. New approaches to a lower crosslinking density copolymer.

The initial arylbromide-based diblock copolymer 1, poly(4-bromostyrene)-block-poly(2cinnamoylethyl methacrylate) (PBrSt-b-PCEMA), was synthesized by Dr. Hu and shown to be
compatible with a series of synthetic experiments (Scheme 2.3).5 We have since used the same
synthesis procedure to synthesize this polymer, and then we have utilized it to expand the scope
of synthetic chemistry developed for the arrays. Accordingly, The polymer was synthesized using
the atom transfer radical polymerization (ATRP) technique. The synthesis started with the
polymerization of 4-bromostyrene as the first block with the use of ethyl α-bromoisobutyrate as
the initiator. The molar ratio of [monomer]/[initiator] = 50. After the conversion reached 80%, the
reaction was stopped in attempt to obtain the ratio of the number of 4-bromostyrene units, n, equal
to 40. The product PBrSt was then treated as the macroinitiator for the second block copolymer
with 2-hydroxyethyl methacrylate (HEMA). For polymer 1 synthesis, this second reaction was
again stopped after the conversion reached 80%. In this way, we hoped to obtain the ratio of the
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number of HEMA units, m, equal to 40. After the PBrSt-b-PHEMA was made, the diblock
copolymer was then modified with cinnamoyl chloride to form PBrSt-b-PCEMA. An excess
amount of cinnamoyl chloride was used in the esterification reaction to make sure the
transformation of HEMA to 2-cinnamouloxyethyl methacrylate (CEMA) to completion. A proton
NMR spectrum of the product indicated that I had successfully obtained a polymer 1 in analogy to
the polymer obtained by Dr. Hu. According to NMR analysis, the block ratio of BrSt and CEMA
in polymer 1 was approximately 1:1, meaning m ~ n. GPC analysis estimated the molecular weight
of PBrSt (Mn, GPC = 9444, MW = 9838, PDI = 1.042). This corresponds to a 50-52 mer. Although
this was not ideal, it helps to explain some of the properties that my polymer exhibits: namely
being a little bit brittle relative to the previous polymer and more prone to peeling/flaking off the
array surfaces after multiple reaction steps (as observed from microscopy of coated array
surfaces). Efforts are underway in the Moeller Group to address this issue and obtain polymer that
is closer to 40 mer BrSt. A recent diblock copolymer synthesized by Mr. Qiwei Jing appears to
meet this goal.
Once the block copolymer PBrSt-b-PHEMA was made, it was tested as a coating for the
microelectrode arrays. The usual condition for applying arylbromide-based polymer coating used
0.03 g/mL copolymer in 1:1 THF/p-xylene. Three drops of this solution are spin-coated onto a
microelectrode array for 40 seconds at 1000 rpm. After that, the chip is subject to UV irradiation
with a 100 W mercury lamp for 20 minutes in order to cross-link the cinnamate groups and add
stability to the surface. The coated array was then analyzed for its ability to support the analytical
studies needed.
To accomplish method A in Scheme 2.3, the ratio of the methacrylate block of the polymer
was reduced and in so doing the number of cinnamate groups in the overall structure reduced. To
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achieve this, I synthesized polymer 2 with similar reaction procedure shown above except in this
case the second step was stopped after the conversion reached 50%. Polymer 2 only has 25 CEMA
units instead of 40 CEMA units in Polymer 1. The content of cinnamate unit in Polymer 2 was
calculated from the 1H-NMR integral ratio between the methylene protons (δ 4.1-4.2 ppm) of
CEMA and the aromatic protons (δ 6.35 ppm) of 4-bromostyrene. While the surfaces can be fully
characterized, the most important compatibility of the diblock copolymer surface is its uniformity
with respects to electrochemical measurements. Hence, polymer 2 was spin-coated onto the array
using the same method described above for polymer 1. The polymer 2 was dissolved in 1:1 THF/pxylene as a 0.03 g/mL copolymer solution and spin-coated with 1000 rpm for 40 seconds. Then
the arrays were subjected to irradiation by a 100 W mercury lamp for 20 minutes.
Two 12K arrays, one coated with polymer 1 and one coated with polymer 2, were used to
verify the utility of lower cinnamate units in the diblock copolymer with electrochemical signaling
experiment (Figure 2.2). The arrays were individually incubated in a solution containing 8 mM
K4Fe(CN)6/K3Fe(CN)6 redox couple in an aqueous 1X PBS electrolyte solution. An electrical
current was established by cycling the iron mediator between selected array electrodes, three
blocks of 12 electrodes, and an adjacent counter electrode via cyclic voltammetry. The CV current
recorded at each block of 12 electrodes was used to compare the exact same position in these two
12K microelectrode arrays. In this way, two CV’s in Figure 2.2, polymer 1 shown as red CV curve
and polymer 2 shown as black CV curve, were measured at the same position on the microelectrode
array. The experiment was designed to minimize the bias occurring from the thickness of the
polymer at different location on the surface.
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Figure 2.2. Method A: comparison between polymer 1 (red curve) and polymer 2 (black curve).
Relative performance of three different blocks of 12 electrodes. Each block compared with the
same position in each microelectrode array. Condition: 8 mM K3[Fe(CN)6]/K4[Fe(CN)6]
dissolved in 1X PBS solution in water, pH = 7.4, at 25 ºC. Scan rate = 400 mV/s.

Unfortunately, reducing content of cinnamate units in the polymer 2 (decreasing m from
40 to 25) showed only minor variation in the magnitude of current measure for the polymer 1.
While changing from polymer 1 to polymer 2 did have some influence on the CV studies, the
variations in the magnitude of current measure for the different polymer were small. The different
shapes of CV curve in Figure 2.2 were expected as a different thickness of the polymer and thus
different ion permeability. Also, the difference in the CV can come from the amount of platinum
sputtered onto the particular set of microelectrodes examined and the quality of the array, etc.
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The method B in Scheme 2.3 was reducing the irradiation time to reduce the crosslinking
density of arylbromide-based polymer. In this experiment, the polymer 1 synthesized above was
spin-coated onto the surface of an array. The array was then subjected to irradiation by a 100 W
mercury lamp for 5 minutes, followed by performing CV at three blocks of 12 electrodes. The
array was then rinsed, dried, and subjected to irradiation by a 100 W mercury lamp for another 15
minutes and CV measured at the same electrodes. At this point, this array was totally irradiated
with 20 minutes (5 + 15). Both CV’s were record for a 8 mM K3[Fe(CN)6]/K4[Fe(CN)6] redox
couple in 1X PBS solution above the surface and shown in Figure 2.3. Unfortunately, reducing the
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Figure 2.3. Method B: Vary time for polymer 1 photochemical crosslinking: 5 & 20 minutes.
Relative performance of three different blocks of 12 electrodes on the same array. Condition:
8 mM K3[Fe(CN)6]/K4[Fe(CN)6] dissolved in 1X PBS solution in water, pH = 7.4, at 25 ºC.
Scan rate = 400 mV/s.
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irradiation time also resulted in only minor variation in the magnitude of current measure, similarly
to Figure 2.2. No definitive change in current was observed for any of the polymers. This suggested
a more significant change would be needed to the core structure.

2.2.2 Palladium(0) and Copper(I) catalyst borylation on microelectrode array
Fortunately, the availability of a growing number of synthetic methods on the arrays
provides a very convenient solution to the problem of modifying the polymer surface so that it is
stable for synthesis and performs well in signaling studies. As mentioned above, aryl borates can
be made from arylbromides with the use of either Pd(0)-catalyzed or Cu(I)-catalyzed borylation
reaction.14, 18 Also, Pd(0)- and Cu(I)-catalysts can be used site-selectively on an array.25, 32 The
combination of these two precedents suggested the best way to solve the dilemma and take
advantage of both surfaces on the same array. One could simply use the best synthesis surface, the
arylbromide-based surface, for constructing the molecular library on the array and then convert
that surface into the best surface for the signaling study, the arylborate-based surface.
With this in mind, a 12K array coated with the bromide-based polymer was subjected to a
Pd(0)-catalyzed borylation reaction to convert desired parts of the array to the borate ester surface
(Scheme 2.4). There were two parts to the experiment. The first employed a Pd(0)-catalyst to
convert the aryl bromide surface above the electrodes in the array into the borate ester surface. The
second showed that the borate ester surface was present by exchanging the pinacol protecting
group on the boron with a diol containing a pyrene group. Both reactions were run on 4 squares of
840 (28X30) electrodes each. This pattern was selected simply because it was easy to see under
the microscope. Both steps capitalized on our group’s previously published reactions on the
arrays.5-6 For the Pd(0) reaction, the array was treated with PdCl2(dppf) as the Pd(II)-precursor
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Scheme 2.4. Pd(0)-catalyzed aryl borate formation on a microelectrode array.
needed for catalyst generation, triphenylphosphine as ligand, tetra-n-butylammonium bromide as
electrolyte, bis(pinacolato)diboron as borylating reagent, potassium acetate as base, and allyl
acetate as confining agent in DMF solvent. The selected microelectrodes (4 squares) were used as
cathodes to reduce Pd(II)-precursor and generate Pd(0). The borate ester functionalized array was
then washed and incubated in a methanol solution containing the 5-(pyren-1-yl)pentane-1,2-diol,
tetrabutylammonium hexafluorophosphate as electrolyte, diphenylhydrazine as the acid source and
pyridine as confining agent.6 The site-selective acid-catalyzed diol exchange reaction was
developed by Dr. Libo Hu in our group. The selected microelectrodes (4 squares) were used as
anodes to oxidize 1,2-diphenylhydrazine and generate diazobenzene and acid at the electrodes in
the array.33-34 The excess hydrazine and pyridine were served as confining agent to neutralize the
acid before it migrates to non-selected electrodes. At the completion of the reaction, the chip was
analyzed under a fluorescence microscope. The resulting image (Scheme 2.4) showing the edge of
one of the squares indicates that the reaction only occurred at the selected microelectrodes (4
squares) and at a high level of confinement.
With the positive result of Pd(0)-catalyzed borylation reaction on array (Scheme 2.4), I
moved on to investigate the level of confinement for the individual reactions. The first aimed at
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examining the selectivity of the borate ester reaction. To this end, conversion to the borate ester
was again performed on selected electrodes, 4 squares of 840 (28X30) electrodes each, in the array.
The chip was then subject to the acid-catalyzed diol exchange reaction on the functionalized borate
ester surface at all of the electrodes on the array. Based on this set of patterns, if the borylation
only happened on the selected electrodes then the array will fluoresce in 4 squares. As can be seen
in the fluorescence image (Scheme 2.5), confinement was not ideal. While the selected electrodes
used for the borate ester conversion shows higher fluorescence intensity relative to the background,
background fluorescence was present on every electrode. Clearly, either confinement of the borate
ester conversion was not perfect or there was a background reaction between diol and the bromide
surface under the acid conditions used for the diol exchange reaction.

Scheme 2.5. A check on the confinement of the Pd(0) borate ester reaction.

Examination of the entire array suggested that the loss of confinement was due to a
background reaction between the diol and the bromide surface in the second step of the sequence
because every electrode not used in the first step had an equal amount of fluorescence. A loss of
confinement in the first step would have led to more fluorescence closer to the selected electrodes
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used in that step.35 The suggestion of an acid catalyzed background reaction between the diol and
the bromide-based diblock copolymer was confirmed with the two reactions shown in Scheme 2.6.
In the first experiment, an array coated with the arylbromide-based surface was exposed to the
exact same reaction conditions as used in the acid-catalyzed diol exchange reaction in the second
step of the sequence shown in Scheme 2.5. Once again, the array was treated with the 5-(pyren-1yl)pentane-1,2-diol, tetrabutylammonium hexafluorophosphate as electrolyte, diphenylhydrazine
as the acid source and pyridine as confining agent in a methanol solution. The hydrazine was then
oxidized at selected electrodes in the array to generate acid at those electrodes. As can be seen in
the image (Scheme 2.6, (a)) provided, the diol was added to the bromide surface wherever the acid
was generated. No background reaction occurred where the solution above the array remained
basic. It is thought that this background reaction was the result of a Michael reaction with unreacted
cinnamate crosslinking units within the polymer coating. Additionally, the more basic conditions
ensured that there would be no acid catalyzed background reaction at electrodes not selected for
the diol exchange. The second reaction demonstrated that acid catalyzed background reaction
between the diol and the surface was slow relative to the desired exchange reaction with the borate
ester surface. In this experiment, arylbromide surface was selectively converted to the arylborate
ester on 4 squares of 840 (28X30) electrodes each in the array. The entire array was then incubated
with the fluorescently labeled diol in the presence of TFA. The image (Scheme 2.6, (b)) provided
indicates that significantly more of the labeled diol was placed on the surface of the electrodes
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Scheme 2.6. Evidence for an acid-catalyzed background reaction.
used for the borate ester formation. In this case, the blue light was used because it detects the
pyrene monomer (the red light shows the pyrene dimer) and is therefore more sensitive to lower
concentrations of pyrene on the array.36 The reaction of both the borate ester and the background
reaction is much slower with TFA incubation than with acid generated at the electrodes,
presumably because of the high acid concentration at the electrode surface in the latter case. It is
also clear from the image that the background reaction with the bromide surface is much slower
than the diol exchange on the borate ester surface.
Once again, my goal is using bromide surface, the best surface for synthesis, to build
molecules on the array surface and then using borate ester surface, the best surface for signaling,
for the subsequent signaling studies. After all, confinement of the initial reaction was not a major
concern because the subsequent reactions could be confined on the new borate ester surface in a
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manner perfectly consistent with the original work on borate ester copolymers. In this way, the
strategy shown in Scheme 2.7 and 2.8 fits well with the original plan to utilize the arylbromide
surface for synthesis and then convert it to the borate ester polymer that was optimal for signaling
on the whole array. The newly converted borate ester surface was examined its compatibility with
array-based reaction. As mentioned above, one of the advantages of the borate ester surfaces is
that it is compatible with both reversible reactions like the acid catalyzed diol exchange (Scheme
2.7) and irreversible Chan-Lam reactions (Scheme 2.8) that can be used to add new library
members to pre-selected sites on an array.

Scheme 2.7. Pd(0) borylation on whole array and acid-catalyzed diol exchange reaction.
In the first experiment (Scheme 2.7), an array coated with the arylbromide copolymer was
subject to a Pd(0)-catalyzed borylation reaction at all of the electrodes on the array and then
followed by a site-selected acid-catalyzed diol exchange reaction on 4 squares of 840 (28X30)
electrodes each in the array. At the completion of the reaction, the chip was analyzed under a
fluorescence microscope. The resulting image (Scheme 2.7) indicates that the pinacol was
successfully exchanged for the pyrene labeled diol wherever the acid was generated.
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Scheme 2.8. Pd(0) borylation and Chan-Lam coupling on the converted surface.
With the success of acid-catalyzed diol exchange reaction on the newly converted borate
ester surface, I moved on to test Cu(II)-catalyzed Chan-Lam coupling reaction (Scheme 2.8). Once
again, an array coated with arylbromide-based polymer was converted into the borate ester-based
surface by every electrode in the array. The array was then treated with DMF solution containing
copper (II) acetate and the tetrabutylammonium hexafluorophosphate electrolyte.37 The siteselective Cu(II)-catalyzed Chan-Lam coupling reaction was developed by Dr. Matt Graaf was used
to place 1-pyrenebutanol by 4 squares of 840 (28X30) electrodes each for 20 cycles (30 sec. on,
10 sec. off) (Scheme 2.8). This was done to slow the rate of Cu(II) generation at the electrodes.
Upon completion of the experiment, the array was washed with ethanol and analyzed under a
fluorescence microscope. The array image (Scheme 2.8) shows only a relatively small amount of
pyrene coupled to the surface. This suggested that the reaction had not reached completion. The
length of the reaction was then extended to 40 cycles and 60 cycles, respectively on the same array
to increase the amount of pyrene placed on the array. As can be seen in Scheme 2.8, the amount
of fluorescence increased as the length of time for reaction increased.
The Chan-Lam reaction worked as expected and its success told us three things. First, the
Chan-Lam coupling reaction does not work on an arylbromide surface, further evidence that the
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surface had indeed be converted to the arylborate during the initial reaction 360 s (4 cycles of 90s
each). Second, shorter reaction times (20 or 40 cycles) did lead to less of the fluorescently labeled
alcohol being placed on the surface, again a result fully consistent with the presence of the
arylborate surface.37 It is also clear from the image in Scheme 2.8 that this new form borate ester
surface has identical chemical behavior to surfaces that were made directly from a borate ester
based diblock copolymer. Third, the use of Cu(I) is a very effective method for placing alcohols
onto an arylbromide surface.25 Hence, the lack of fluorescence from electrodes not used to generate
the Cu(II) was consistent with the arylbromide surface having been converted into the arylbroate
ester surface at each of those electrodes as well. The quantification of borylation reaction will be
discuss in detail in the following Chapter 2.2.4.
While the use of a Pd(0)-catalyst on the arrays is frequently successful from a synthetic
standpoint, we have found removal of residual Pd from the polymer coating on the array to be
difficult. The result is the presence of a very active redox couple imbedded in the polymer that
interference with subsequent electrochemical signaling studies. For this reason, we have been
replacing palladium mediated reactions on the arrays with the use of copper-based alternatives. In
connection with these efforts, the conversion of the arylbromide copolymer into the borate ester
surface could also be accomplished with Cu(I). The success of the reaction was again demonstrated
by use of the surface for both the acid catalyzed diol exchange reaction and the Chan Lam coupling
reaction.
To this end, the experiment illustrated in Scheme 2.9 was undertaken. There were two parts
to the experiment. The first employed a Cu(I)-catalyst to convert the arylbromide into the borate
ester surface. The second showed that the borate ester surface was present by exchanging the
pinacol protecting group by selected electrodes with a diol containing a pyrene group. Both
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Scheme 2.9. Cu(I)-catalyzed aryl borate formation on a microelectrode array.
reactions were run on 4 squares of 840 (28X30) electrodes each. For the Cu(I)- reaction, a 12 K
array, spin-coated with the arylbromide polymer was treated with copper(II) sulfate as Cu(II)precursor, triphenylphosphine as ligand, tetra-n-butylammonium bromide as electrolyte,
bis(pinacolato)diboron as borylating reagent, and air as confining agent in a 7:2:1
CH3CN:DMF:H2O solution. The selected microelectrodes (4 squares) were used as cathodes to
reduce Cu(II)-precursor and generate Cu(I). The borate ester functionalized array was undergone
identical acid-catalyzed diol exchange reaction with 5-(pyren-1-yl)pentane-1,2-diol as before. The
resulting fluorescent image (Scheme 2.9) revealed that the initial Cu(I) conversion of the
arylbromide into the arylborate led to similar image shown for the Pd-based reaction in Scheme
2.4.
The ability to employ Cu(I)-catalyzed arylborate formation on a microelectrode array
allowed me to investigate the level of confinement for the individual reactions. The first study
aimed at examining the selectivity of the borate ester reaction. The selected microelectrodes (4
squares) were converted to the borate ester under identical Cu(I)-catalyzed borylation conditions,
and then the diol exchange conducted on the whole array with 5-(pyren-1-yl)pentane-1,2-diol as
shown above. As can be seen in the image provided in Scheme 2.10, (a), fluorescence was present
on every electrode with identical fluoresce intensity. In previous Pd(0)-catalyzed borylation
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Scheme 2.10. A check on the confinement of the Cu(I) borate ester reaction.
reactions in Scheme 2.5 and 2.6, the acid appeared to help a background reaction between diol and
the unreacted cinnamate crosslinking units in bromide surface. The electrodes used for the borate
ester conversion could be clearly seen brighter, because acid catalyzed background reaction was
slower than the desire exchange reaction with the borate ester surface. However, this is not the
case here; instead there is apparently no confinement to the selected electrodes. As predicted, the
Cu(I)-catalyzed reaction had not reached completion. Upon investigating the literature, the
proposed mechanism for borylation reaction involves the oxidative addition of aryl bromide to
Pd(0)/Cu(I) followed by a transmetalation with bis(pinacolato)diboron (pin2B2).14, 18, 38 The newly
formed complex then undergoes reductive elimination to produce the desired borylation product.
The presence of base not only accelerates the transmetalation but also prevent the generation of
biaryl byproducts. To achieve greater confinement of borate ester reaction at the selected
electrodes, the catalytic amount of triethylamine was added to the Cu(I)-catalyzed borylation
reaction condition, the first step of the sequence (Scheme 2.10, (b)). As predicted, the addition of
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triethylamine did indeed yield a greater amount of borate ester formation on selected electrodes
and a stronger fluorescence intensity than the background reaction. The reaction benefits from the
use of base but still led to evidence for the acid-catalyzed background reaction seen in Scheme 2.5.
Of course, confinement of the initial borate ester-forming reaction was not a major concern since
the whole array surface will be converted anyway, and so this reaction was not investigated further.
As suggested above, the strategy reported here is building a molecular library on the
bromide surface and then converting the surface into the borate ester for subsequent signaling
studies. In this way, the initial borylation was employed at all of the electrodes on the array and
the newly converted borate ester surface could be confined perfected in a manner identical with
the original work on borate ester copolymers. In connection with these efforts, the conversion of
the arylbromide copolymer into the borate ester could also be accomplished with Cu(I) at all of
the electrodes on the array. The chip was then subject to acid catalyzed diol exchange (Scheme
2.11) and Cu(II) mediated Chan-Lam reactions (Scheme 2.12) that can be used to add new library
members to pre-selected sites on an array.

Scheme 2.11. Cu(I) borylation on whole array and acid-catalyzed diol exchange reaction.
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As shown in Scheme 2.11, when an arylbromide based polymer coating on an 12 K array
was converted into the borate ester-based surface by every electrode in the array and then followed
by a site-selective acid-catalyzed diol exchange reaction with 5-(pyren-1-yl)pentane-1,2-diol, the
fluorescence image showed a high degree of coupling to the surface with excellent confinement to
only the selected electrodes. This demonstrated the compatibility of Cu(I)-based borylation
reaction on the microelectrode array.
A 12 K array coated with the arylbromide copolymer was again converted into the borate
ester-based surface by every electrode in the array and then the Chan-Lam coupling was carried
out on 1-pyrenebutanol using identical reaction condition shown above. In this example, the
reaction was also successful leading to coupling of the alcohol at the desired electrodes and
excellent confinement in the selected 4 squares of 840 (28X30) electrodes each (Scheme 2.12).
Again, the fluorescence intensity increased from 20 cycles to 40 cycles with a greater amount of
1-pyrenebutanol coupled to the surface.

Scheme 2.12. Cu(I) borylation and Chan-Lam coupling on the converted surface.
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2.2.3 Borate ester conversion calculation
The ability to convert the bromide surface into a borate ester surface directly on the
microelectrode array allowed me to investigate efficiency of the borylation reaction. As mentioned
above, the coupling of arybromide surface with alcohol has been successfully catalyzed with Cu(I).
Hence, the successful confinement for Chan-Lam coupling reactions shown in Scheme 2.8 and
2.12 illustrate the arylbromide surface having been converted into the arylborate ester surface at
each of those electrodes on the 360 s reaction time (4 cycles of 90s each). Next, I wanted to
investigate how much time was required for the borylation to complete. My approach to this
question would be to convert aryl bromide surface to borate ester surface and then selectively treat
the array with a fluorescent molecule, calcofluor white, that would add to the borate ester moieties
on the array surface. The fluorescence intensity measured at the electrodes then allowed me to
calculate the amount of the molecule placed on the microelectrodes. The quantification of the
fluorescence from the calcofluor white probe was developed by Dr. Graaf, M. D. in our group.37
To this end, two experiments illustrated in Scheme 2.13 were undertaken. There were two
steps to each experiment. The first step of the sequence employed was the Pd(0)-catalyzed
conversion of the aryl bromide surface into the borate ester surface as described above. The pattern
selected for the electrolysis was 39 blocks-12 electrodes, thirteen rows included in this pattern,
each row containing three horizontal blocks, and each block containing 12 electrodes each. The
procedure was conducted at a potential of -1.7 V relative to the Pt-counter electrode was used for
varying time periods. In first experiment, the first row, having three selected horizontal blocks of
12 electrodes each, was turned on for a period of 45 s and off for a period of 10 s. This helps with
confinement of the reagent by slowing the rate of active Pd(0) generated. The second row, also
three selected horizontal blocks of 12 electrodes each, was run for 90 s which was 45 s longer than
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Scheme 2.13. The fluorescence calculation process for the borate ester conversion.
the first row. The following rows each of the reaction time increased with 45 s interval. In second
experiment, the first row, having three selected horizontal blocks of 12 electrodes each, was turned
on for a period of 10 s and off for a period of 10 s. This would permit me to test the fast borate
ester transformation. The second row was run for 30 s. The following rows each of the reaction
time increased with 30 s interval. After the borylation, the second step of the sequence added a
fluorescent dye, calcofluor white, to the new borate ester polymer with the use of a Chan-Lam
reaction.37 The array was incubated in DMF solution containing copper (II) acetate,
tetrabutylammonium hexafluorophosphate as electrolyte, triethylamine as base, and calcofluor
white as fluorophore. The reaction was conducted by setting the voltage of the array to a potential
of +2.4 V relative to the Pt-counter electrode in the cap for 20 cycles of 30s on and 10s off. The
relative amount of borate ester conversion on the array surface was determined by measuring the
amount of fluorescence on the electrode following the second reaction. Quantitative analysis of
fluorescence intensity was then measured using ImageJ software (Rasband, W. S., ImageJ, U.S.
National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2016).
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The functionalized 36 electrodes were selected equiradial circular regions (ROI Manager) as
Scheme 2.13. Background fluorescence was determined by using 12 equally sized segments from
an unfunctionalized portion of the array. The fluorescence intensity measurements were corrected
by dividing the measured integrated density with the selected area multiplied by the mean
background fluorescence. Each experiment was conducted at three sites on the array, and the error
bars reflect the spread in the data at those three sites.
As can be seen in Figure 2.4, (a) and (b), the amount of fluorescence increased as the length
of time for the borate ester transformation increased. This indicated that there was an increase in
the amount of the bromide to borate ester conversion as the time for the experiment increased.
From both experiments, it was found that the amount of fluorescence was maximized after about
300 s, suggesting that the borylation reaction had proceeded to saturation at this point. It was clear
that the initial borylation reaction conducted for 360 s (4 cycles of 90 s each) had adequately
converted the aryl bromide surface to the borate ester surface.

Figure 2.4. The measurement and analysis of the borate ester conversion of (a) a period of 45
second; (b) a period of 30 second.
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2.2.4 Cyclic voltammetry probe of the surface conversion
As a reminder the efforts for converting an arylbromide based coating on a microelectrode
array into an arylborate ester based coating is hoping to manipulate the polymer coating on an
array so that we can take advantage of both the optimal surface for synthesis and the optimal
surface for signaling on the same array. After all, it is important to monitor the current change
before and after conversion to the borate ester surface on the same array.
To test this, a 12 K array coated with arylbromide polymer was converted into the borate
ester surface on the whole array with the use of Pd(0)-catalyst coupling condition described above
(Scheme 2.14). Once the array was prepared, it was incubated in 1X PBS solution (phosphate
buffered saline, pH = 7.4 at 25 ºC) containing 8 mM K3[Fe(CN)6]/K4[Fe(CN)6] as the redox
mediator. The resulting data (Scheme 2.14) is a background CV for a ferrocene redox mediator in
water taken before (red) and after (blue) the conversion of an arylbromide surface to an arylborate
ester surface. Because the arylbromide surface is more hydrophobic and not swell in the aqueous

Scheme 2.14. CV for the effect of the borylation on the whole array surface conversion.
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medium, redox mediator has trouble reaching the electrode surface below. The result is a very
small net current (red curve). Subsequent signaling studies that measure a decrease in the current
would have little chance for success.6, 39 After converting into the borate ester surface, the blue
curve current increase dramatically. In this case, the borate ester surface is more hydrophilic and
swell better in aqueous medium. The more permeable borate ester surface allows the easier
diffusion of redox mediator. The result is a much higher total current and an opportunity for
success in subsequent signaling studies.
To further prove that converting the functional group from aryl bromide to borate ester on
the array surface led to a relatively large current change, I measured change in current after surface
conversion using the same blocks of electrodes on the same 12K array (Figure 2.5). Because the
recorded current intensity is proportional to the number of electrodes employed on the array, it is
a little hard to compare the CV current obtained with 12,544 electrodes (Scheme 2.14; μA
magnitude) and 12 electrodes (Figure 2.2 and 2.3; nA magnitude). The experiment was done using
the same three blocks of 12 electrodes each pattern as Figure 2.2 and 2.3. The arylbromide coated
array was incubated in 1X PBS solution containing 8 mM K3[Fe(CN)6]/K4[Fe(CN)6] as the redox
mediator. The result of arylbromide surface is again shown in red curve in Figure 2.5. The array
was then converted into the borate ester surface via Pd(0)-catalyst procedure discussed earlier.
Upon converting into the borate ester surface, the array was then incubated in 1X PBS solution
consisting of 8 mM K3[Fe(CN)6]/K4[Fe(CN)6] redox mediator. The current was measured at the
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Figure 2.5. CV for the effect of the borylation on three different blocks, 12 electrodes each, on
the same array.
Condition: 8 mM K3[Fe(CN)6]/K4[Fe(CN)6] dissolved in 1X PBS solution in water, pH = 7.4,
at 25 ºC. Scan rate = 400 mV/s.
same three blocks recorded the arylbromide surface and shown in blue curve. The CV current
recorded at each block of 12 electrodes was used to compare the exact same position in this 12 K
microelectrode arrays. The current changes dramatically after the conversion of a bromide surface
to a borate ester surface, this again indicates the conversion to a more polar surface. While the
shape of the CV taken in these three blocks differ in Figure 2.5, the change in current for the
borylation relative to background can be seen nicely. Clearly, the inter-conversion of the bromide
surface into a borate ester surface is the best solution developed to date.

2.3

Conclusion
In conclusion, a new and general class of site-selective borylation reaction for converting

an arylbromide surface into an aryl borane surface on a microelectrode array can be employed to
optimize both synthesis and signaling studies. Two approaches for changing the core structure of
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the bromide diblock copolymer were studied to find out the variable on reducing the total number
of crosslinks in the polymer: either the decrease of the methacrylate bock in a copolymer or the
decrease of irradiation time. The initial studies found out small variation in the magnitude of net
current. Fortunately, the synthetic chemistry allows us for converting the bromide surface into the
borate ester surface so that we can solve the dilemma of the best synthetic surface and the best
signaling study surface are not the same. The Pd(0)- and Cu(I)-catalyzed aryl borate formation was
adapted to the microelectrode array. The chemical compatibility of the new aryborate ester surface
was demonstrated with both reversible reactions like the acid catalyzed diol exchange and
irreversible Chan-Lam reaction. With the success of manipulating the polymer coating on an array,
we can take advantage of both the optimal surface for synthesis to build the molecular library and
the optimal surface for signaling on the same array. After completing this work, I turned my
attention to the next phase of the project: developing new protecting group strategies for the siteselective diversification of core scaffolds on an array.

2.4

Experimental Procedure

Materials. Unless noted otherwise, all chemicals were used as purchased from Sigma Aldrich (St.
Louis, MO) without further purification. Inhibitors in either 4-bromostyrene and 2-hydroxyethyl
methacrylate (HEMA) were removed from the monomers by passing them through a short neutral
alumina column before use.

Microelectrode arrays and the power supply for addressing them can be purchased from
CustomArray, Inc., 18916 North Creek Parkway, Suite 115, Bothell, WA 98011
(www.CustomArrayInc.com). The ElectraSense® reader made by Combimatrix Co. was used to
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conduct the array-based reactions. For cyclic voltammetry measurement, the reader is used to
activate the selected electrodes on the array and an external BAS 100B Electrochemical Analyzer
controls the potential sweep. For a detail discussion of how the array reactions are run see the
supporting information for (a) Bartels, J.; Lu, P.; Maurer, K.; Walker, A. V.; Moeller, K. D.
Langmuir 2011, 27, 11199-11205.25 (b) Stuart-Fellet, M.; Bartels, J. L.; Bi, B.; Moeller, K. D. J.
Am. Chem. Soc. 2012, 134, 16891-16898.40

Analytical GPC analysis. N,N-dimethylformamide-based gel permeation chromatography (DMF
GPC) was conducted on two Shodex KD-806M analytical columns in tandem and 0.025 M LiBr
in DMF mobile phase run at 60 ̊C with 1.0 mL/min flow rate. The differential refractive index
(dRI) of each compound was monitored using a Wyatt Optilab T-rEX detector and the light
scattering (LS) of each compound was monitored using a Wyatt Dawn Heleos-II detector.

Sample procedure for spin-coating arrays with the diblock copolymer.5 The microelectrode
arrays were coated with a spin-coater MODEL WS-400B-6NPP/LITE (Laurell Technologies
Corporation, North Wales, PA). The chip was inserted into a socket in the spinner and adjusted to
be horizontal, then three drops of 0.03 g/mL (3 wt%) block copolymer solution in 1:1 xylene/THF
was added onto the chip in order to cover the entire electrode area. The chip was then spun 1000
rpm for 40 s. The coating was allowed to dry for 15 min and subjected to irradiation using a 100W
Hg lamp for 20 min before use. For reducing the irradiation time in the method B shown in Figure
2.3, the coated array was subject to irradiation by a 100W Hg lamp for 5 min before use.

70

Fluorescence microscopy. Fluorescence image was carried out with a Nikon Eclipse E200
microscope connected to a Boyce Scientific M-100 burner and a Nikon D5000 camera. Optical
filters used were as follows: CFW-BP01-Clinical-000 (Semrock) filter cube excitation 380-395
nm, emission 420-470 nm, ET-GFP (FITC/Cy2) (Chroma) filter cube excitation 450-490 nm,
emission 500-550 nm, and TeRed-A-Basic-000 (Semrock) filter cube excitation 540-580 nm,
emission 590-670 nm.

The measurement and analysis of fluorescence intensity was using ImageJ software (Rasband,
W.

S.,

ImageJ,

U.S.

National

Institutes

of

Health,

Bethesda,

Maryland,

USA,

http://imagej.nih.gov/ij/, 1997-2016).

ATRP of 4-bromostyrene to form PBrSt.5

In a 50 mL round-bottom Schlenk flask, ethyl 2-bromoisobutrate (0.8 mmol, 117 μL), 4bromostyrene (40.0 mmol, 5.2 mL), PMDETA (2.4 mmol, 0.415 g, 0.5 mL) and anisole (8 mmol,
0.87 mL) were added into solvent (toluene vs monomer v/v=1:1). The mixture was then degassed
with 2 cycles of freeze-pump-thaw. Then CuBr (0.8 mmol, 114.8 mg) was added and the mixture
was further degassed with 3 more freeze-pump-thaw cycles. After the final thawing, the flask was
injected with argon and was kept at 80 °C. At time intervals, samples were taken by syringe. The
percent conversion was measured by 1H NMR with the anisole serving as an internal standard.
After the conversion reached 80%, the reaction was stopped by freezing it in liquid nitrogen. The
reaction was then opened to the atmosphere and allowed to thaw. The mixture was passed through
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a short neutral alumina column to remove copper salt and was precipitated into methanol and
filtered to afford a white powder. 1H NMR (500 MHz, CDCl3) δ 7.65 (br, 2H), 6.35 (br, 2H), 1.59
(br, 1H), 1.30 (br, 2H). Full characterization has been previously reported.5
The chain end of 4-bromostyrene and the end group were analyzed by 1H NMR
spectroscopy. The signals at δ 3.75 –3.58 ppm and δ 1.07 – 0.83 ppm corresponded to methylene
group and three methyl groups of ethyl 2-bromoisobutrate, respectively. According to NMR
analysis, the calculated molecule weight of 4-bromostyrene polymer from the 1H NMR spectrum
(Mn, NMR = 7474). GPC analysis in Figure 2.6 estimated the molecular weight of PBrSt (Mn, GPC
= 9444, MW = 9838, PDI = 1.042). This corresponds to a 50-52 mer. Although this was not ideal,
efforts are underway in the Moeller Group to address this issue and obtain polymer that is closer
to 40 mer BrSt.
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Figure 2.6. Poly 4-bromostyrene GPC.

Copolymerization of HEMA with poly(4-bromostyrene) as macroinitiator.
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Typical reaction conditions were as follows. In a 25 mL round-bottom Schlenk flask, poly(4bromostyrene (1.00 g), HEMA (6.8 mmol), PMDETA (0.33 mmol) and solvent (MEK/1-propanol
v/v=7:3, 6.7 mL) were added and degassed with 2 cycles of freeze-pump-thaw. Then CuCl (0.11
mmol, 11mg) of was added and the mixture was further degassed with 3 more freeze pump-thaw
cycles. After the final thawing, the flask was injected with argon and kept at 50 °C. At time
intervals, samples were taken by syringe. The percent conversion was measured by 1H NMR with
solvent serving as the internal standard. For polymer 1 with m = 40, the reaction was stopped after
the conversion reached 80%. For polymer 2 with m = 25, the reaction was stopped once the
conversion reached 50%. The reaction was stopped by freezing in liquid nitrogen. The flask was
opened to the atmosphere and then allowed to thaw. The mixture was poured into water and filtered.
Then the solid was dissolved in THF again and precipitated into 1:1 EtOAc/hexane to remove
uninitiated homopolymer of poly(4-bromostyrene). Full characterization has been previously
reported.5

Post-polymerization modification of PHEMA block with cinnamoyl chloride.
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For polymer 1, 1.71 g p(4-BrSt-b-HEMA) in 20 mL of anhydrous THF was prepared in a 50 mL
round-bottom flask. The suspension was cooled on an ice bath for 30 min before adding cinnamoyl
chloride (2.27 g, 13.6 mmol, 2.5 eq.) and NEt3 (5 mL, 6.6 eq.). The solution was allowed to warm
up to room temperature while stirring under N2 for 24 h and kept from light. After the reaction was
finished, the mixture was precipitated into methanol twice to afford a white powder. Full
characterization has been previously reported.5 According to NMR analysis, the block ratio of BrSt
and CEMA in polymer 1 was approximately 1:1, meaning n ~ m. GPC analysis in Figure 2.6
estimated the molecular weight of PBrSt (Mn, GPC = 9444, MW = 9838, PDI = 1.042). This
corresponds to a 50-52 mer. Although this was not ideal, it helps to explain some of the properties
that my polymer exhibits: namely being a little bit brittle and more prone to peeling/flaking off the
array surfaces after multiple reaction steps (as observed from microscopy of coated array surfaces).
Efforts are underway in the Moeller Group to address this issue and obtain polymer that is closer
to 40 mer BrSt.

For polymer 2, 0.5269 g p(4-BrSt-b-HEMA) in 10 mL of anhydrous THF was prepared in a 50
mL round-bottom flask. The suspension was cooled on an ice bath for 30 min before adding
cinnamoyl chloride (0.51 g, 3.1 mmol, 2.5 eq.) and NEt3 (1.1 mL, 6.6 eq.). The solution was
allowed to warm up to room temperature while stirring under N2 for 24 h and kept from light. After
the reaction was finished, the mixture was precipitated into methanol twice to afford a white
powder. According to NMR analysis, the block ratio of BrSt and CEMA in polymer 2 was
approximately 8:5, meaning n > m. The content of 4-bromostyrene and cinnamate unit in polymer
2 were calculated from the 1H NMR integral ratios between the end group analysis of methylene
group of ethyl 2-bromoisobutrate (δ 3.6-3.7 ppm, br, 2H), the two aromatic protons of 474

bromostyrene (δ 6.35 ppm, br, 80H), and the methylene protons of CEMA (δ 4.1-4.2 ppm, br,
100H).

Pd(0)-catalyzed aryl borate with DMF solvent.5

A mixture of 1.3 mg PdCl2(dppf), 0.63 mg PPh3, 20.0 mg Bu4NBr, 15 mg bis(pinacolato)diboron,
18 mg potassium acetate, and 44 μL allyl acetate was dissolved in 1.5 mL of DMF. A portion of
this solution was then placed in a thin film flow cell in between a polymer coated 12 K array and
a Pt-counter electrode sputtered onto the cap covering the array. The spacing between the array
and the cap was approximately 0.6 to 0.85 mm.41 The reaction was conducted by setting the voltage
of the array to -1.7 V relative to the counter electrode for 90 seconds and then off for 180 seconds.
This was repeated four times, and then the array was repeatedly washed with ethanol.

Cu(I)-catalyzed aryl borate.25

A mixture of 8.0 mg Bu4NBr and bis(pinacolato)diboron as well as 6 μL of 25 mM solution of
CuSO4 and 6 μL of 50 mM solution of PPh3 were dissolved into 100 μL DMF. The DMF mixture
was dissolved into 1.5 mL of a 7:2:1 mix of CH3CN/DMF/H2O. This solution was used to conduct
the array reaction in the manner described above. Once again, the reaction was conducted by
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setting the voltage of the array to a potential of -1.7 V relative to the Pt-counter electrode for 90 s.
The reaction was repeated 4 times before the array was repeatedly washed with ethanol.

Diol exchange on the borate ester surface.6

5-(pyren-1-yl)pentane-1,2-diol was synthesized following the published procedures.6 A mixture of
10 mg 5-(pyren-1-yl)pentane-1,2-diol, 80 mg Bu4NPF6 and 100 mg diphenylhydrazine and 100 μL
pyridine were dissolved in 1.5 mL methanol. The reaction on the co-polymer coated 12-K array
was conducted at a voltage of +2.4 V relative to the Pt-counter electrode for 20 cycles (30s on and
10s off). After reaction, the array was repeatedly washed with ethanol and examined with a
fluorescence microscope.

Confinement of the Pd(0) arylbromide to borate ester conversion.6
A mixture of 22 mg (0.07 mmol) 5-(pyren-1-yl)pentane-1,2-diol and 76.8 mg (0.63 mmol) phenyl
boronic acid was added into 30 mL of MeOH along with 2% TFA. As shown in the scheme
provided, the chip prepared above with the Pd(0)-catalyzed aryl borate formation was incubated
in this solution under room temperature for 24 hrs. After the reaction, the chip was repeatedly
washed with ethanol and examined with a fluorescence microscope.

Sample cyclic Voltammetry on 12 K array.
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A 12K-microelectrode array was cleaned with Nano-strip (Cyantek Corporation) and then coated
with the arylbromide polymer. The array was incubated in 200 μL of 8 mM ferrocyanide and 8
mM ferricyanide in 1x PBS solution (made by dissolving one Phosphate Buffered Saline tablet
ordered from SIGMA® in 200 mL DI water) and then placed in the ElectraSense reader. One 12electrode block or each electrode in the array was then used in the cyclic voltammetry experiments
by sweeping the potential each from -700 mV to +700 mV (again relative to the counter electrode)
and then back again at a scan rate of 400 mV/s. The counter electrode was a platinum plate of area
of 0.75 cm2 held 650-800 μm away from the array by an O-ring. After the first CV test, the array
was repeatedly washed with ethanol. For the borate ester conversion, the array was then used in
the Pd(0)-catalyzed aryl borate procedure as above. The CV experiment was then repeated as
described above.
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Chapter 3: Array-based parallel synthesis: benzylic
alcohol oxidative cleavage strategy

3.1

Introduction

3.1.1 A plan for array-based parallel synthesis
As mentioned in Chapter 1, the library can either be built by the parallel synthesis approach
using the classical methodology and then the molecules synthesized transferred to the
microelectrode array, or the parallel synthesis can be conducted on the array itself so that each
member of the library is automatically built proximal to the addressable electrode or set of
electrodes in the array that will be used to monitor its behavior. In an ideal scenario, a time-saving
approach would be to build the analogs directly on the array.
With this in mind, our attention turned toward developing parallel synthesis strategies that
would work on a microelectrode array. The plan was to add a core scaffold to each electrode on
the array, and then use the parallel synthesis to diversify that core scaffold. In essence, the
microelectrodes would serve as a platform to isolate the parallel synthesis pathways from each
other in the same way the use of the wells in a typical parallel synthesis are used. Of course, to
accomplish this task, the core scaffold would first need to be added to the electrode in the array.
To this end, acids, bases, Ce(IV), Ru(VII), Os(VIII), Cr(VI), Pd(0), Pd(II), Cu(I), Cu(II), quinones,
H2, and Sc(III) have already developed by our group for adding molecules site-selectively to an
array and thus this strategy appeared ideal.1-2
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With the chemistry needed to add a core scaffold to the electrodes in an array already in
place, our attention turned to the chemistry that would be needed to diversify such a scaffold. In
many cases, such diversification methods take advantage of alcohol and amine groups on the
scaffold as sites of diversification. As in the building of a peptide-based library, alcohols and
amines can be used in a variety of coupling reactions with activated esters in order to generate
ester or amide products. The key to these strategies is to have a number of alcohol and amine
groups on the core scaffold that are each protected with an orthogonal group; in other words a
protecting group that can be selectively removed in the presence of the other protecting groups.
The alcohols and amines on the scaffold are each deprotected one at a time and then each used to

Figure 3.1. Diversification strategy for a core scaffold.
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diversify the scaffold in a manner directly analogous to the parallel synthesis shown in Chapter 1.
A diagram for this plan on an array is shown in Figure 3.1.
To achieve this strategy on a microelectrode array, the protecting groups used need to be
both orthogonal to each other and cleavable using the electrodes in the array. That means they need
to be either cleavable by an oxidation or reduction reaction or cleavable using a reagent generated
at the electrodes in the array. At the start of this project, we knew that we could cleave protecting
groups with acid,3-4 base,5-6 hydrogen gas,2 or the use of a Pd(0)-catalyst.7-9 Unfortunately, the base
cleavable groups had issues because once an alcohol or amine was deprotected on the array, the
next step would be to conduct a coupling reaction on the surface of the array. The coupling reaction
would require the use of base and hence base-labile protecting group strategies would not work
for our purposes. That left three types of protecting groups available, a scenario suggested
orthogonal groups that could be cleaved with either an oxidation or a reduction would be a valuable
addition to the methods available.
The plan to use such reactions has other advantages in that the electrodes in an array can
be used to generate oxidants and reductants with known redox potentials. Hence, the chemical
mediator generated (an oxidant at an anode or a reductant at a cathode) can be selected so that it
has an oxidation or reduction potential that is matched to one of the protecting groups on a core
scaffold. The result would be an opportunity to cleave one oxidatively cleavable protecting group
in the presence of other oxidatively cleavable groups or one reductively cleavable group in the
presence of other reductively cleavable groups. In other words, it appeared that one might be able
to generate whole families of oxidatively cleavable and reductively cleavable protecting groups.
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3.1.2 Hypothesis
The first such family of protecting groups selected were derivatives of the well-known
Cbz-group. In principle, both oxidatively and reductively cleavable variants of the protecting
group could be developed. The proposed oxidative cleavage mechanism and the reductive cleavage
mechanism for the two families of the protecting groups is shown in Scheme 3.1. For the oxidative
cleavage reaction, the electrodes in the array were used as anodes in order to generate an oxidant.
The plan called for this oxidant to remove an electron from the aryl ring on the core scaffold with
the lowest oxidation potential. The oxidation potential of the oxidant would be matched to that
group so that no other aromatic ring on the core scaffold would be oxidized. The oxidation itself
was expected to lead to a radical cation of the aromatic ring. The loss of a proton from the radical
cation followed by a second oxidation step and trapping by water would lead to hydroxylation of
the benzylic carbon to form a hemi-acetal group. Decomposition of the hemiacetal would lead to
the deprotection event.

Scheme 3.1. Protecting group strategy.
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For the reductive cleavage reaction, the reaction mechanism would run in the reverse
direction and resemble a Birch reduction. The selective electrodes in the array could be used as
cathode to generate a reductive mediator that would then transfer an electron to an electron-poor
aryl ring on the core scaffold. The generation of a reactive radical anion would then lead to
elimination of the benzylic carbonate or carbamate and deprotection of the associated alcohol or
amine.
In these protecting groups, the substituents on the aryl rings can be used to adjust the
oxidation and reduction potential of the groups so that each protecting group can be cleaved at a
specific potential. Electron-donating groups make an aryl ring easier to oxidize, while electronwithdrawing groups make an aryl ring easier to reduce (lower the reduction potential). The
differences can be dramatic. As shown in the Figure 3.2, the protecting group containing a
dimethoxy-benzyl moiety has oxidation potential at +1.3 V vs. Ag/AgCl, and the protecting group
containing a monomethoxy-benzyl moiety has oxidation potential at +1.6 V vs Ag/AgCl. This

Figure 3.2. Two main approaches: oxidation and reduction.
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difference of 300 mV can be readily differentiated in an electrochemical reaction (as we see in
Chapter 1).10-11
With this in mind, we selected the oxidatively cleavable family of protecting groups to
begin our study. This choice was made because the literature already has defined a series of
electrochemical mediators with tunable potentials for oxidation reactions (as mentioned in Chapter
1).11-14 Hence, it appeared easiest to develop matched-potential pairs of mediators and protecting
groups for the oxidatively cleavable series. This work is the main focus of this thesis. It eventually
identified an oxidatively cleavable protecting group approach unrelated but far superior to the
approach initially proposed.

3.2

Results and Discussions

3.2.1 Competitive reactions between small molecules
With this in mind, we first turned our attention toward a demonstration that the selective
oxidative deprotection strategy above was possible. Since array reactions are just chemical
reactions confined to sites on the array, our first approach was to demonstrate the selectivity of the
reaction in a preparative experiment that would allow for full characterization of the products and
hence the selectivity of the approach. This was done with the use of a competitive reaction between
two simple substrates, one that contained a mono-p-methoxybenzyl moiety and one that contained
a 2,4-dimethoxybenzyl moiety.
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My study commenced with the preparation of the electrolysis substrate as shown in Scheme
3.2. Esterification of the commercially available 4-methoxybenzyl alcohol or 2,4dimethoxybenzyl alcohol with benzoyl chloride afforded the desired compound 3.1 and 3.2 in 67%
and 65% yield, following a known literature procedure.15-18

Scheme 3.2. Synthesis of small molecules containing Cbz-group.

With compounds 3.1 and 3.2 in hand, the competitive oxidation was investigated. The first
task was to choose a mediator for the competition study. Initial attempts employed cerium
ammonium nitrate (CAN) or tri(4-bromophenyl)amine (TBPA) as a mediator because there is
precedent for their use on microelectrode arrays in the Moeller group. CAN has been used
successfully to mediate site-selective formation of an N-acyliminium ion intermediate19 and TBPA
has been used to mediate site-selective Wacker oxidations on microelectrode arrays.20 To evaluate
their potential effectiveness, the CV study in Figure 3.3 was conducted. Both mediators had
potentials lower than that of the two aryl rings indicating that both had the potential to serve as
mediators in the manner discussed in Chapter 1. Please note that the shifts in potential noted for
the aryl rings between the two experiments were the result of a change in solvent needed to
solubilize the triarylamine mediator. It is notable, that the CV for CAN is completely reversible
indicating its overall stability. The CV for the triarylamine is quasi-reversible under these
conditions. This simply indicates that the amine radical cation is not stable under the conditions of
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Ep/2 = + 1.12 V
Ep/2 = + 1.44 V
Ep/2 = + 1.72 V

Ep/2 = + 1.11 V
Ep/2 = + 1.52 V
Ep/2 = + 1.67 V

Figure 3.3. Cyclic voltammetry of compounds 3.1 and 3.2.
All potentials were measured by cyclic voltammetry using a BAS 100B Electrochemical
Analyzer, a C working electrode, a Pt auxiliary electrode, a Ag/AgCl reference electrode, a
substrate concentration of 0.025 M, (a) a CAN concentration of 0.025 M, a 0.1 M Et4NOTs in
acetonitrile electrolyte solution, and a sweep rate of 25 mV/sec; (b) a TBPA concentration of
0.025 M, a 0.1 M Et4NOTs in acetonitrile/dichloromethane (4:1) electrolyte solution, and a
sweep rate of 5 mV/sec.
the CV for the time it takes for the reverse wave to be obtained. In principle, this is not a problem
for the mediator if the rate of oxidation of the substrate and the subsequent follow up reaction are
faster than this decomposition process. However, it still makes one wonder about the effectiveness
of this mediator for the process. CAN would appear to be a better choice. As we will see, issues
with the overall process rendered this point mute.
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The preparative competition studies using the two mediators did provide the proof of
principle needed for the selectivity of the reaction. In Scheme 3.3, the competition reaction using
CAN as the mediator is shown. In this experiment, a 1:1 mixture of the two substrates was treated
with one 1 equivalent of CAN. Hence, the reaction would only be able to proceed to 50%
conversion. The reactions were analyzed by proton NMR with the products from the competition
study being compared to the isolated products from the deprotection reaction. Of products
generated, the aldehyde oxidation product was most readily identifiable because of the aldehyde
proton.

Scheme 3.3. Competitive reaction with CAN as oxidative mediator.

Consider the NMRs provided in the Figure 3.4. The first is the proton NMR taken for the
crude reaction mixture following the oxidation in Scheme 3.3. The second shows the isolated
product from the dimethoxy case, and the third shows the commercially available 4methoxybenzylaldehyde (the expected product from the monomethoxy case). It is clear from the
NMR of the crude material that no aldehyde resulting from deprotection of the monomethoxylated
benzyl ester was present. The aldehyde from deprotection of the dimethoxybenzyl ester could be
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Figure 3.4. Competitive reaction with CAN as oxidative mediator.
clearly observed. An 81% recovery of the monomethoxylated starting material was achieved. This
yield was lower than we had hoped, but as we will see later this general problem can be ascribed
to the acid sensitivity of the substrates. While the reaction was selective, the low mass balance was
bothersome.
The reaction using the TBPA mediator led to a similar result (Scheme 3.4). Once again,
the oxidation was selective and none of the product from deprotection of the monomethoxybenzyl
ester was observed. Products were obtained for the desired deprotection, but again the mass
balance of the reaction was lower than one would like.
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Scheme 3.4. Competitive reaction with TBPA as oxidative mediator.

3.2.2 Utilizing amino acid as core scaffold
While the mass balance of the competition studies was lower than desired, the observation
that the mediated oxidations could selectively remove the group with the lowest oxidation potential
suggested that the original hypothesis was correct. We hoped that while demonstrating that the

93

same selectivity could be obtained when the two protecting groups were in the same molecule and
then moving that study to the arrays, the yield of the deprotection could be optimized.
After playing with a number of designs for molecules that had more than one functional
group in it, we decided to use an amino acid based system that would in the future allow us to mix
and match lots of different protecting groups. To this end, lysine was treated as the core structure
to support the protecting groups to be analyzed. Each protecting group to be studies now or in the
future would be added to a lysine amino acid monomer and then a peptide with any combination
of protecting groups constructed from those building blocks. The molecules could be readily
synthesized in solution or hopefully directly on an array in the future.
The approach is illustrated in Figure 3.5 with black blocks used to link the protecting group
to the lysine amino acid. The reason for needing to vary this linker will become clear as we move
forward. For the work on the arrays, the peptide built with different protecting groups would be
hooked to the array using an orthogonally protected homoserine group. This would enable a safety
catch linker strategy for removing the molecule from the array so that it can be characterized.17
The initial plan called for the homoserine in the safety catch linker to be protected with a Cbz
group, because we presume the Cbz group without any substituents on the aryl ring makes it both
harder to oxidize than the lysine protecting group containing electron-donating groups and harder
to reduce than the lysine protecting group containing electron-withdrawing groups. Also, our
group’s preliminary results mentioned in Chapter 1 have demonstrated that the Cbz group could
be removed on the microelectrode arrays using a hydrogenolysis reaction,2 meaning that its
removal would be orthogonal to either an oxidative or reductive cleavage strategy for the
protecting groups studied.
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Figure 3.5. Hypothesis for using lysine as the core structure.

For demonstrating this idea, I designed a dipeptide with both of the protecting groups on
different lysine residues. This required the following steps: Boc-Lys-OMe synthesis following
reference,21-23 the coupling reactions between individual protecting groups,24-25 then coupling these
new amino acids to generate the dipeptide. Once this dipeptide is generated, it is ready to couple
with the homoserine and link to the array surface.
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The synthesis of carbamoylimidazolium salt 3.3 for forming the protected lysine building
blocks began with a commercially available Boc-Lys(Cbz)-OH (Scheme 3.5). Methyl
esterification of Boc-Lys(Cbz)-OH afforded Boc-Lys(Cbz)-OMe in 96% yield. The Cbz group
was then cleaved using standard hydrogenation conditions, affording Boc-Lys-OMe in 90% yield.
The activation of ε-amine of Boc-Lys-OMe with 1,1’-carbonyldiimidazole (CDI) and then
iodomethane led to the corresponding carbamoylimidazolium salt 3.3. The resulting
carbamoylimidazolium salt was carried forward to the next step without further purification.

Scheme 3.5. Synthesis of carbamoylimidazolium salt 3.3.
Under standard coupling condition, the activated carboxylic acid intermediate was attached
by the nucleophilic oxygen of the benzyl alcohol group, 4-methoxybenzyl alcohol or 2,4-

Scheme 3.6. Synthesis of substrate 3.4 and 3.5.
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dimethoxybenzyl alcohol, resulting compound 3.4 and 3.5 in 17% yield and 16% yield,
respectively (Scheme 3.6).
With the two starting materials in hand, we conducted a competition experiment in order
to make sure that the change in substrate did not alter the selectivity conclusion made earlier
(Scheme 3.7). CAN (cerium ammonium nitrate) was used as the oxidative mediator, and once
again it selectively removed the protecting group with the lowest oxidation potential. As in the

Scheme 3.7. Competitive reaction of lysine as core scaffold and CAN as oxidative mediator.
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previous competition study, no evidence was obtained for cleavage of the monomethoxybenzyl
derivative. This conclusion was reached by comparing the crude reaction product with the known
aldehyde cleavage product by proton NMR. While the selective cleavage was nice to see, the
reaction remained worrisome in terms of yield and mass balance, analogously to the previous proof
of principle preparative reactions. A 71% yield of the recovered starting material was obtained for
the monomethoxybenzyl derivative. As for the dimethoxybenzyl derivative, the deprotection led
to a 56% isolated yield of the desired amine. Clearly, this yield would need to be improved if the
strategy was going to prove useful for parallel synthesis efforts.

3.2.3 Unstable acid sensitive PMB group
After the success of the competition study, the next steps were to demonstrate the selective
deprotection reaction of two groups within the same molecule, to link that molecule to a

Scheme 3.8. Expected dipeptide synthesis.
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microelectrode array, and then to illustrate how the groups could be removed both in a
chemoselective and a site-selective fashion on the array. Key to that effort was assembling the two
monomeric amino acid-based substrates into a dipeptide. To accomplish this the methyl ester of
one of the substrates needed to be saponified and the t-Boc group protecting the amine of the
second removed. The dipeptide would then be assembled by a standard peptide coupling reaction
(Scheme 3.8). Saponification of the methyl ester followed the previous literature and afforded a
94% yield of product.22 However, attempts to remove the t-Boc protecting group under the usual
acidic conditions led to decomposition of the monomer 3.4 (Scheme 3.9).26 From an analysis of

Scheme 3.9. PMB group-protected core scaffold is not stable under acidic conditions.
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the NMRS provided in Scheme 3.9, it seemed that the degradation of the starting material was
initiated by cleavage of the PMB group. The first spectrum is the proton NMR taken for the crude
reaction mixture following the Boc deprotection. The second spectrum shows the starting material
3.4 isolated from the synthesis shown in Scheme 3.6. The disappearance of the methylene group
of 4-methoxylated Cbz-group (δ 4.95, s, 2H) and the broader peaks were observed in the crude
reaction mixture after the Boc deprotection, indicating that the PMB group was no longer intact
and possibly that the cleaved PMB group had formed a polymeric byproduct. This decomposition
occurred under even mildly acidic conditions, and we began to wonder if it was the root of the low
mass balances observed for the reactions highlighted above.
The sensitivity of the para-methoxybenzyl protecting group and the more electron-rich
dimethoxy variant observed in this case can be understood in the proposed decomposition
mechanism (Scheme 3.10). Protonation of the carbamate under the acidic conditions converted the
group into a leaving group. Electron-donation from the para-substituent on the ring caused this
group to leave generating a quinone methide derivative that could then undergo reactions with
nucleophiles, etc. The other portion of the molecule underwent a loss of carbon dioxide leading to
the corresponding lysine. The donor group was important for this mechanism to occur. Cbz
protecting groups do not show this difficulty.

Scheme 3.10. Proposed mechanism for the deprotection of 4-methoxybenzyl group.
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The acid sensitivity of the PMB group, and the other members of this family, is a significant
issue for the use of the molecules on the array. Typically, one might argue that the t-Boc group in
the substrates could be replaced with a base cleavable or Pd(0)-cleavable protecting group.
However, it is important to remember that the long-term goal is to couple an unmasked amine or
alcohol on the array with a series of activated esters to diversify the core scaffold. Such reactions
are conducted on the array with a base catalyst that is generated at the electrodes by using them as
cathodes and then confined to those locations by an acidic medium above the array (Scheme 3.11).
To accomplish this, the solution phase above the array is acidified, and hence any acid sensitive
groups in the molecules on the array would be deprotected. Hence, the site-selective, base
catalyzed coupling reaction used to diversify a core scaffold after the removal of one protecting
group requires all of the other protecting groups to be acid stable, at least to mild acid. The electron
rich Cbz derivatives first designed for the oxidative cleavage approach did not meet this standard.

Scheme 3.11. Acid instability is a large problem for array-based coupling reactions.
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Three strategies were initially tried to avoid the problems associated with the electrondonating group at the para-position of the Cbz derivative and the use of the more electron-rich aryl
rings: placement of the donor at the meta position of the ring, inserting a silyl-based oxidatively
cleavable linker in between the aryl ring and the carbamate, and the use of a Kenner safety-catch
linker strategy.

3.2.4 Meta position substituents
As illustrated in Scheme 3.12, I replaced the ortho- and para-methoxy substituents in the
previous substrates with either one or two methoxy substituents at the meta-positions of the ring.
The idea was to retain the electron-rich aryl rings for the oxidation while limiting the acid
sensitivity of the protecting group by not placing a donor in direct conjugation with the leaving
group. To this end, the ε-amine of Boc-Lys-OMe was activated with 1,1’-carbonyldiimidazole
(CDI) and then iodomethane (Scheme 3.5), and the resulting carbamoylimidazolium salt 3.3
treated with benzyl alcohol, 3-methoxybenzyl alcohol or 3,5-dimethoxybenzyl alcohol, affording
the carbamate compound 3.6 and 3.7 in 16% yield and 29% yield, respectively. Following the

Scheme 3.12. Deprotection of t-Boc group with meta-position substituents.
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coupling reaction, compound 3.6 and 3.7 were individually carried forward to the standard t-Boc
deprotection conditions using TFA, synthesizing compound 3.6a in 20% yield and 3.7a in 14%
yield. Yet while the deprotection of the t-Boc group in the presence of the m-methoxy Cbz group
did afford some of the desired product, the yield of the reactions was still low. Once again, it
appeared that the protecting groups were too acid sensitive for use in the context of a microarraybased library.

3.2.5 Silyl group design
The failure of the Cbz-based approaches led to a second strategy for an oxidative cleavable
protecting group. The hope was to stop the acidic decomposition problem by inserting a silyl group
in between the aryl ring and the formerly benzylic carbon so that the methoxy group at the paraposition of the ring would no longer be in direct resonance contact with the carbamate. It was
hoped that protonation of the carbamate would not lead to its elimination. As mentioned in Chapter
1, we had demonstrated that silyl groups could be removed from a heteroatom by oxidation and

Scheme 3.13. Deprotection of t-Boc group with inserting a silyl-based linker.
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we hoped to accomplish a similar reaction here.19, 27-30 My study commenced with the synthesis of
((4-methoxyphenyl)dimethylsilyl)methanol in three isolated steps: the lithium-halogen exchange
between

4-bromoanisole

and

n-butyllithium,

followed

by

the

addition

of

chloro(chloromethyl)dimethylsilane (formed (chloromethyl)(4-methoxyphenyl)dimethylsilane in
64%

yield).

Next

the

acylation

with

potassium

acetate

afforded

((4-

methoxyphenyl)dimethylsilyl)methyl acetate in 60% yield and hydrolysis produced the desired
((4-methoxyphenyl)dimethylsilyl)methanol in 73% yield.29, 31 With the desired alcohol in hand, I
set out to coupling it with carbamoylimidazolium salt 3.3 to give compound 3.8 in 19% yield.
Following, compound 3.8 was treated with standard t-Boc deprotection conditions using TFA.
However, the strategy proved unsuccessful when the silyl-based protecting group turned out to be
just as acid sensitive as the previous cases (Scheme 3.13).

3.2.6 Kenner safety group approach
Our third plan to stop the elimination of the protecting group under acidic conditions called
for getting rid of the carbamate group entirely and instead taking advantage of a Kenner-type safety
catch linker base approach.32 The experiment design for the approach is shown in Scheme 3.14. In
this case, the desired amine would be incorporated into an alkyl amide that had at its terminus a
benzyl-derived ether. The oxidation potential of the benzyl group would again be controlled by
substituents on the aryl ring. The idea was to take advantage of the aryl ring to effect a benzylic
oxidation that would cleave the benzyl ether with lowest oxidation potential and release an alcohol
that would then cyclize onto the amide releasing the amine and generating a lactone (the Kennerstrategy). The oxidation to generate the benzyl ether would be triggered by formation of a radical
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cation from the aryl ring leading to hydroxylation of the benzylic carbon to form an unstable
hemiacetal.

Scheme 3.14. The hypothesis of Kenner safety group approach.
My study commenced with the synthesis of 4-((4-methoxybenzyl)oxy)butanoic acid
(Scheme 3.15). The chlorination of 4-methoxybenzyl alcohol using thionyl chloride gave 4methoxybenzyl chloride in 88% yield.33-35 Following, the γ-butyrolactone was then alkylative
opening with potassium hydroxide and 4-methoxybenzyl chloride in toluene, generating 4-((4methoxybenzyl)oxy)butanoic acid in 37% yield.36-37

Scheme 3.15. Synthesis of 4-((4-methoxybenzyl)oxy)butanoic acid.
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With the carboxylic acid in hand, the 4-((4-methoxybenzyl)oxy)butanoic acid was treated
with HATU, DIPEA in DMF, and the previously synthesized Boc-Lys-OMe, to afford compound
3.10 in 75% yield. The use of coupling conditions was chosen following a screening of the standard
coupling conditions between 4-((4-methoxybenzyl)oxy)butanoic acid and commercially available
butan-1-amine to afford compound 3.9 highlighted in Scheme 3.16.

Scheme 3.16. Synthesis of compound 3.9 and 3.10.

Unfortunately, the protecting groups again turned out to be acid labile to even low
concentrations of acid. This instability of the PMB group to acid has been reported in the literature,
and we did not find that the issue could be avoided.38-39 Interestingly, the product from this
decomposition did prove to have the similar broad peaks with the same ppm as that obtained from
the methoxy-substituted Cbz derivative, suggesting that a similar polymeric byproduct had formed
(Scheme 3.17). It was becoming clear that an electron rich benzyl ether-based strategy for the
deprotection reaction was not going to work for the arrays in spite of the success of such protecting
groups in traditional synthetic approaches. However, we did learn that the safety-catch linker
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approach might be viable, and hence we turned our attention toward finding an acid stable
approach to incorporating an alcohol into a molecule to trigger such a cyclization.

Scheme 3.17. The overlapping of t-Boc deprotection, showing the similar polymerization.

3.3

Conclusion
In this chapter, I have successfully demonstrated that a benzylic alcohol oxidative cleavage

strategy can use either CAN or TBPA as oxidative mediator to selectively cleave a protecting
group with a lower oxidation potential. The reactions can select between two aryl rings that differ
only by the presence of a single methoxy group (an oxidation potential difference on the order of
300 mV). However, the acid sensitivity of the electron-rich Cbz-core structure ruled out the
possibility of using the initially design strategy for array-based syntheses. We did discover that a
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Kenner safety-catch linker strategy held potential for the cleavage reactions. So, a plan was
launched to develop a safety-catch linker strategy that could take advantage of the selectivity
observation made above.

3.4

Experimental Procedure

General procedure 1 (GP-1): the preparation of benzyl benzoate derivates, following the
reported procedure.16, 37 To a solution of alcohol (1.0 eq.) and triethylamine (1.2 eq.) in CH2Cl2
(0.1 M) was added benzoyl chloride (1.1 eq.) dropwise at 0 ºC via an addition funnel with a
pressure-equalization arm. The reaction mixture was allowed to stir and reach room temperature
overnight. After 20 hours, the reaction was diluted with DCM (50 mL). The organic layer was then
washed with saturated NaHCO3 (3x25 mL). The combined organic layers were dried over MgSO4,
filtered, and concentrated in vacuo. The crude mixture was then purified via flash column
chromatography.

Synthesis of Boc-Lys-OMe, following the reported procedure.21-22

methyl N6-((benzyloxy)carbonyl)-N2-(tert-butoxycarbonyl)-L-lysinate, Boc-Lys(Cbz)-OMe.
Boc-Lys-(Cbz)-OH (7.61 g, 20 mmol, 1 eq.) was dissolved in dry DMF (40 mL, 0.5 M), followed
by the addition of K2CO3 (6.08 g, 44 mmol, 2.2 eq.) at 0 ºC. Iodomethane (2.7 mL, 44 mmol, 2.2
eq.) was added dropwise. The reaction was allowed to warm to room temperature overnight and
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stirred for 24 hours. The reaction was then diluted with 50 mL H2O and washed with EtOAc (3 x
50 mL). The combined organic layers were washed with brine, dried over MgSO4, filtered, and
concentrated in vacuo. The crude product was purified via column chromatography
(Hexane/EtOAc 4:1) to give 7.89 g (96 % yield) of Boc-Lys(Cbz)-OMe as a clear oil. Spectra
matched the literature.21-22 1H NMR (500 MHz, CDCl3) δ 7.60 – 7.03 (m, 5H), 5.35 – 5.25 (m,
2H), 5.02 (s, 2H), 4.24 – 4.10 (m, 1H), 3.64 (s, 3H), 3.09 (q, J = 6.6 Hz, 2H), 1.74 – 1.68 (m, 2H),
1.60 – 1.27 (m, 13H).

methyl (tert-butoxycarbonyl)-L-lysinate, Boc-Lys-OMe.
Boc-Lys-(Cbz)-OMe (6.00 g, 15 mmol, 1 eq.) in dry methanol (100 mL, 0.15 M) was added
palladium on activated carbon (Pd 10%, 0.96 g, 0.9 mmol, 0.06 eq.). The reaction mixture was
stirred at room temperature with hydrogen bubbled through where the reaction progress was
monitored by the TLC analysis. The reaction was terminated as the starting protected amino acid
on TLC disappeared (ca. 8-10 hrs). Then the reaction mixture was filtered through a celite cake
packed on a Buckner funnel and the flowed-through solution was concentrated in vacuo. The crude
product was purified via column chromatography (CH2Cl2/MeOH 10:1 with 2% NEt3) to give 3.51
g (90 % yield) of Boc-Lys-OMe as a clear oil. Spectra matched the literature.21-22 1H NMR (500
MHz, CDCl3) δ 7.39 – 6.38 (m, 2H), 5.32 (d, J = 8.3 Hz, 1H), 4.26 – 4.13 (m, 1H), 3.68 (s, 3H),
2.96 (t, J = 6.7 Hz, 2H), 1.78 – 1.31 (m, 15H).

General procedure 2 (GP-2): the preparation of carbamate.
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Prepared according to the literature procedure.24-25, 40 To a suspension of 1,1-carbonyldiimidazole
(2.43 g, 15 mmol, 1.5 eq.) in dry CH2Cl2 (50 mL, 0.2 M) was added Boc-Lys-OMe (2.60 g, 10
mmol, 1.0 eq.). The reaction was allowed to stir at room temperature overnight. After 20 hours,
the reaction was diluted with CH2Cl2 (20 mL) and quenched with water (50 mL). The aqueous
layer was extracted with CH2Cl2 (3 x 50 mL). The combined organic layers were washed with
brine, dried over MgSO4, filtered, and concentrated in vacuo to give 0.32 g (90% crude) methyl
N2-(tert-butoxycarbonyl)-N6-(1H-imidazole-1-carbonyl)-L-lysinate as a clear oil that was used
without further purification. To a solution of carbamoylimidazole in dry CH3CN (50 mL, 0.2 M)
was added methyl iodide (2.5 mL, 40 mmol, 4.0 eq.). The reaction was allowed to stir at room
temperature

overnight.

The

solvent

was

removed

under

vacuum

to

afford

the

carbamoylimidazolium salt 3.3. To a solution of carbamoylimidazolium salt 3.3 in dry CH3CN (50
mL, 0.2 M) was added the benzyl alcohol (1.0 eq) and triethylamine (1.4 mL, 10 mmol, 1.0 eq.)
or DMAP (1.22 g, 10 mmol, 1.0 eq.). The reaction was allowed to stir at room temperature for 72
hours. The solvent was removed via rotary evaporator to a thick oil. The residue was then diluted
with H2O (50 mL) and washed with CH2Cl2 (3 x 50 mL). The combined organic layers were
washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The crude mixture was
then purified via flash column chromatography.
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General procedure 3 (GP-3): t-Boc deprotection, following the reported procedure.26, 41 To the
solution of the carbamate (3 mmol, 1.0 eq.) from the previous step in CH2Cl2 (10 mL, 0.3 M) at 0
ºC was added an equal volume of CF3CO2H (10 mL) through a syringe, dropwise. The solution
was stirred at room temperature until the starting material on TLC disappeared (ca. 1-3 hrs). The
reaction mixture was saturated aqueous NaHCO3 (40 mL) and extracted three times with CH2Cl2
(3 x 50 mL). The combined organic layers were washed with brine, dried over MgSO4, filtered,
and concentrated in vacuo. The crude mixture was then purified via flash column chromatography.

[Compound 3.1]
4-methoxybenzyl benzoate.

Prepared according to GP-1 using 4-methoxybenzyl alcohol (2.50 mL, 20 mmol, 1.0 eq.). The
product 3.24 g (67% yield) as white solid was obtained after column chromatography (eluent:
Hexane/EtOAc 20:1). Spectra matched the literature.17, 42 1H NMR (500 MHz, CDCl3) δ 8.1 (d, J
= 7.2 Hz, 1H), 7.5 (t, J = 7.2 Hz, 1H), 7.5 – 7.4 (m, 4H), 6.9 (d, J = 8.6 Hz, 2H), 5.3 (s, 2H), 3.8
(s, 3H).
[Compound 3.2]
2,4-dimethoxybenzyl benzoate.
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Prepared according to GP-1 using 2,4-dimethoxybenzyl alcohol (3.36 g, 20 mmol, 1.0 eq.). The
product 3.54 g (65% yield) as white solid was obtained after column chromatography (eluent:
Hexane/EtOAc 20:1). Spectra matched the literature.18 1H NMR (500 MHz, CDCl3) δ 8.05 (d, J =
7.2 Hz, 2H), 7.51 (t, J = 7.2 Hz, 1H), 7.47 – 7.30 (m, 3H), 6.56 – 6.45 (m, 2H), 5.34 (s, 2H), 3.81
(s, 3H), 3.80 (s, 3H).

13

C NMR (126 MHz, CDCl3) δ 166.6, 161.2, 158.9, 132.7, 131.1, 130.5,

129.6, 128.2, 116.8, 104.0, 98.5, 62.1, 55.4, 55.3. IR (neat, cm-1) 3002, 2836, 1714, 1509, 1265,
711. HRMS-ESI (m/z): calculated for C16H16O4 [M + Na]+: 295.0941; found 295.0974.

[Compound 3.4]
methyl N2-(tert-butoxycarbonyl)-N6-(((4-methoxybenzyl)oxy)carbonyl)-L-lysinate.

Prepared according to GP-2 using 4-methoxybenzyl alcohol (1.24 mL, 10 mmol, 1.0 eq.). The
product 721 mg (17% yield) as white solid was obtained after column chromatography (eluent:
Hexane/EtOAc 4:1). 1H NMR (500 MHz, CDCl3) δ 7.22 (d, J = 8.6 Hz, 2H), 6.81 (d, J = 8.7 Hz,
2H), 5.01 (br s, 1H), 4.95 (s, 2H), 4.71 (br s, 1H), 4.23 – 4.19 (m, 1H), 3.73 (s, 3H), 3.66 (s, 3H),
3.10 (q, J = 6.5 Hz, 2H), 1.74 – 1.68 (m, 2H), 1.57 – 1.28 (m, 13H). 13C NMR (126 MHz, CDCl3)
δ 173.2, 159.5, 156.5, 155.4, 129.9, 128.7, 113.8, 79.8, 66.3, 55.2, 53.1, 52.2, 40.5, 32.2, 29.3,
28.3, 22.4. IR (neat, cm-1) 3365, 2933, 1744, 1713, 1521, 1366, 1167, 1050, 1021. HRMS-ESI
(m/z): calculated for C21H32N2O7 [M + Na]+: 447.2102; found 447.2091.
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[Compound 3.5]
methyl N2-(tert-butoxycarbonyl)-N6-(((2,4-dimethoxybenzyl)oxy)carbonyl)-L-lysinate.

Prepared according to GP-2 using 2,4-dimethoxybenzyl alcohol (1.68 g, 10 mmol, 1.0 eq.). The
product 727 mg (16% yield) as white solid was obtained after column chromatography (eluent:
Hexane/EtOAc 4:1). 1H NMR (500 MHz, CDCl3) δ 7.16 (d, J = 8.9 Hz, 1H), 6.44 – 6.28 (m, 2H),
5.15 (br s, 1H), 4.99 (s, 2H), 4.90 (br s, 1H), 4.23 – 4.15 (m, 1H), 3.72 (s, 3H), 3.71 (s, 3H), 3.63
(s, 3H), 3.07 (q, J = 6.8 Hz, 2H), 1.73 – 1.53 (m, 2H), 1.43 – 1.26 (m, 13H). 13C NMR (126 MHz,
CDCl3) δ 173.1, 160.9, 158.6, 156.6, 155.3, 131.1, 117.2, 103.8, 98.3, 79.6, 61.6, 55.2, 55.1, 53.1,
52.0, 40.3, 31.9, 29.3, 28.1, 22.2. IR (neat, cm-1) 3343, 3061, 2977, 2951, 2866, 1696, 1514, 1454,
1366, 1245, 1160, 1046, 1022, 776, 732. HRMS-ESI (m/z): calculated for C22H34N2O8 [M + Na]+:
477.2207; found 477.2192.

N2-(tert-butoxycarbonyl)-N6-(((2,4-dimethoxybenzyl)oxy)carbonyl)-L-lysinate.

Prepared according to the literature procedure.21-22 To a solution of compound 3.5 (1.00 g, 2.20
mmol, 1.0 eq.) in THF (22 mL, 0.1 M) was added LiOH aqueous solution (0.5 M, 22 mL, 11 mmol,
5.0 eq.) and the mixture was stirred at room temperature. The reaction progress was monitored by
the TLC analysis. The reaction was terminated as the starting ester on TLC plate disappeared (ca.
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5 hrs). The mixture was diluted with H2O (50 mL) and extracted with EtOAc (50 mL). After
partition, the organic layer was discarded, and the aqueous layer was acidified to pH 2 with 1 M
HCl. The mixture was then extracted with EtOAc (3 x 50 mL). The combined organic layers were
washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The crude product was
purified via column chromatography (CH2Cl2/MeOH 10:1 with 2% acetic acid) to give 911 mg
(94 % yield) of carboxylic acid as a clear oil. 1H NMR (500 MHz, CDCl3) δ 11.36 (s, 1H), 7.15
(d, J = 8.8 Hz, 1H), 6.43 – 6.29 (m, 2H), 5.34 (br s, 1H), 5.02 (br s, 1H), 4.99 (s, 2H), 4.27 – 4.11
(m, 1H), 3.72 (s, 3H), 3.71 (s, 3H), 3.08 (q, J = 6.8 Hz, 2H), 1.74 – 1.35 (m, 15H). 13C NMR (126
MHz, CDCl3) δ 176.3, 161.0, 158.7, 156.9, 155.7, 131.2, 117.1, 103.9, 98.3, 79.8, 61.9, 55.3, 55.2,
53.1, 40.4, 31.8, 29.2, 28.2, 22.3. HRMS-ESI (m/z): calculated for C21H32N2O8 [M + Na]+:
463.2051; found 463.2045.

[Compound 3.6]
methyl N2-(tert-butoxycarbonyl)-N6-(((3-methoxybenzyl)oxy)carbonyl)-L-lysinate.

Prepared according to GP-2 using 3-methoxybenzyl alcohol (1.24 mL, 10 mmol, 1.0 eq.). The
product 679 mg (16% yield) as white solid was obtained after column chromatography (eluent:
Hexane/EtOAc 4:1). 1H NMR (500 MHz, CDCl3) δ 7.17 (t, J = 7.8 Hz, 1H), 6.84 (d, J = 7.5 Hz,
1H), 6.80 (s, 1H), 6.76 (d, J = 8.2 Hz, 1H), 5.18 (br s, 1H), 5.07 (br s, 1H), 4.98 (s, 2H), 4.21 –
4.17 (m, 1H), 3.71 (s, 3H), 3.64 (s, 3H), 3.09 (q, J = 6.7 Hz, 2H), 1.73 – 1.52 (m, 2H), 1.45 – 1.28
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(m, 13H). 13C NMR (126 MHz, CDCl3) δ 173.1, 159.5, 156.3, 155.3, 138.0, 129.4, 120.0, 113.4,
113.3, 79.6, 66.2, 55.0, 53.1, 52.0, 40.4, 32.0, 28.2, 28.1, 22.3. IR (neat, cm-1) 3381, 2981, 2942,
2114, 2012, 1712, 1670, 1588, 1438, 1373, 1167, 867, 757. HRMS-ESI (m/z): calculated for
C21H32N2O7 [M + Na]+: 447.2102, found 447.2155; [M + K]+: 463.1841, found 463.1897.

[Compound 3.6a]
methyl N6-(((3-methoxybenzyl)oxy)carbonyl)-L-lysinate.

Prepared according to GP-3 using compound 3.6 (1.28 g, 3.0 mmol, 1.0 eq.). The product 195 mg
(20% yield) as white solid was obtained after column chromatography (CH2Cl2/MeOH 10:1 with
2% NEt3). 1H NMR (500 MHz, CDCl3) δ 7.20 (t, J = 7.5 Hz, 1H), 6.86 (d, J = 7.5 Hz, 1H), 6.82
(s, 1H), 6.78 (d, J = 7.5 Hz, 1H), 4.99 (s, 2H), 4.74 (br s, 1H), 3.74 (s, 3H), 3.64 (s, 3H), 3.41 –
3.31 (m, 1H), 3.13 (q, J = 6.4 Hz, 2H), 1.62 – 1.36 (m, 8H). 13C NMR (126 MHz, CDCl3) δ 176.4,
159.7, 156.3, 138.1, 129.5, 120.2, 113.6, 113.4, 66.4, 55.2, 54.2, 52.0, 40.8, 34.3, 28.3, 22.8. IR
(neat, cm-1) 3627, 3164, 3061, 3000, 2292, 2253, 1716, 1628, 1441, 1375, 1271, 1038, 918, 736,
703. HRMS-ESI (m/z): calculated for C16H24N2O5 [M + H]+: 325.1758; found 325.1816.

[Compound 3.7]
methyl N2-(tert-butoxycarbonyl)-N6-(((3,5-dimethoxybenzyl)oxy)carbonyl)-L-lysinate.
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Prepared according to GP-2 using 3,5-dimethoxybenzyl alcohol (1.68 g, 10 mmol, 1.0 eq.). The
product 1.32 g (29% yield) as white solid was obtained after column chromatography (eluent:
Hexane/EtOAc 4:1). 1H NMR (500 MHz, CDCl3) δ 6.41 (s, 2H), 6.31 (s, 1H), 5.19 (br s, 1H), 5.10
(br s, 1H), 4.94 (s, 2H), 4.24 – 4.12 (m, 1H), 3.69 (s, 6H), 3.64 (s, 3H), 3.09 (q, J = 6.7 Hz, 2H),
1.75 – 1.51 (m, 2H), 1.49 – 1.23 (m, 13H). 13C NMR (126 MHz, CDCl3) δ 173.1, 160.7, 156.2,
155.3, 138.8, 105.5, 99.7, 79.6, 66.2, 55.1, 53.0, 52.0, 40.4, 32.0, 29.2, 28.1, 22.3. IR (neat, cm-1)
3002, 2943, 2292, 2252, 1714, 1598, 1298, 1271, 1038, 756, 736. HRMS-ESI (m/z): calculated
for C22H34N2O8 [M + H]+: 455.2388, [M + Na]+: 477.2207, [M + K]+: 493.1947; found primary

Scheme 3.18. ESI spectrum of compound 3.7.
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fragmentations: the loss of t-Boc group by McLafferty rearrangement, [M - C4H8 - CO2]+ꞏ, m/z
354.1791, and then the loss of ammonia [M - C4H8 - CO2 - NH3]+ꞏ, m/z 337.1525 or the loss of
ketene [M - C4H8 - CO2 - CH2=C=O + Na]+, m/z 335.1583. The proposed fragmentation pathways
are shown in Scheme 3.18.

[Compound 3.7a]
methyl N6-(((3,5-dimethoxybenzyl)oxy)carbonyl)-L-lysinate.

Prepared according to GP-3 using compound 3.7 (1.36 g, 3.0 mmol, 1.0 eq.). The product 149 mg
(14% yield) as white solid was obtained after column chromatography (CH2Cl2/MeOH 10:1 with
2% NEt3). 1H NMR (500 MHz, CDCl3) δ 6.41 (s, 2H), 6.31 (s, 1H), 4.93 (s, 2H), 4.81 (br s, 1H),
3.70 (s, 6H), 3.63 (s, 3H), 3.41 – 3.34 (m, 1H), 3.11 (q, J = 6.4 Hz, 2H), 1.67 – 1.34 (m, 8H). 13C
NMR (126 MHz, CDCl3) δ 176.2, 160.9, 156.3, 138.9, 105.7, 100.0, 66.5, 55.3, 54.2, 52.0, 40.8,
34.2, 29.6, 22.8. IR (neat, cm-1) 3381, 2942, 2292, 2252, 1707, 1598, 1456, 1374, 1270, 1156, 736.
HRMS-ESI (m/z): calculated for C17H26N2O6 [M + H]+: 355.1864, [M + Na]+: 377.1683, [M +
K]+: 393.1422; found primary fragmentations: the loss of ammonia [M - NH3]+ꞏ, m/z 337.1525 or
the loss of ketene [M - CH2=C=O + Na]+, m/z 335.1583; the resonance-stabilized 3,5-dimethoxy
benzyl ion, [C9H12O2]+, m/z 152.0832. The proposed fragmentation pathways are shown in
Scheme 3.19.

117

Scheme 3.19. ESI spectrum of compound 3.7a.

Synthesis of ((4-methoxyphenyl)dimethylsilyl)methanol, following the reported procedure.29, 31

H3 CO

Br n-BuLi, ClCH 2(CH 3)2SiCl
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Cl
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(chloromethyl)(4-methoxyphenyl)dimethylsilane.
To a solution of 4-bromoanisole (2.5 mL, 20.0 mmol, 1.0 eq.) in THF (100 mL, 0.2 M) at -78 ºC
was added n-BuLi (1.6 M in hexane, 13.8 mL, 22 mmol, 1.1 eq.) through a syringe, dropwise. The
mixture

was

then

stirred

at

-78

ºC

for

30

min

before

being

treated

with

(chloromethyl)dimethylchlorosilane (2.4 mL, 24 mmol, 1.2 eq.). The resulting white suspension
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was stirred at room temperature for 2 h and then quenched with saturated aqueous NH4Cl (40 mL).
The layers were separated, and the aqueous layer was extracted three times with EtOAc (3 x 50
mL). The combined organic layers were washed with brine, dried over MgSO4, filtered, and
concentrated in vacuo. The crude product was purified via column chromatography using pure
hexane as eluant to give 2.75 g (64 % yield) of (chloromethyl)(4-methoxyphenyl)dimethylsilane
as a clear oil. Spectra matched the literature.29, 31 1H NMR (500 MHz, CDCl3) δ 7.50 (d, J = 8.6
Hz, 2H), 6.96 (d, J = 8.6 Hz, 2H), 3.84 (s, 3H), 2.95 (s, 2H), 0.42 (s, 6H).

((4-methoxyphenyl)dimethylsilyl)methyl acetate.
To a solution of (chloromethyl)(4-methoxyphenyl)dimethylsilane (2.15 g, 10.0 mmol, 1.0 eq.) in
DMF (25 mL, 0.4 M) at room temperature was added potassium acetate (1.18 g, 12.0 mmol, 1.2
eq.). After stirring for 3 h at 90 ºC, the reaction mixture was then diluted with 100 mL H2O and
washed with EtOAc (3 x 100 mL). The combined organic layers were washed with brine, dried
over MgSO4, filtered, and concentrated in vacuo. The crude product was purified via column
chromatography

(Hexane/EtOAc

10:1)

to

give

1.43

g

(60

%

yield)

of

((4-

methoxyphenyl)dimethylsilyl)methyl acetate as a clear oil. Spectra matched the literature.31 1H
NMR (500 MHz, CDCl3) δ 7.47 (d, J = 8.7 Hz, 2H), 6.93 (d, J = 8.7 Hz, 2H), 3.95 (s, 2H), 3.82
(s, 3H), 2.03 (s, 3H), 0.34 (s, 6H).

((4-methoxyphenyl)dimethylsilyl)methanol.
To a solution of ((4-methoxyphenyl)dimethylsilyl)methyl acetate (2.36 g, 10.0 mmol, 1.0 eq.) in
CH3OH (25 mL, 0.4 M) at room temperature was added K2CO3 (1.38 g, 10.0 mmol, 1.0 eq.). The
reaction was stirred at room temperature overnight until no starting material was observed by TLC
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(ca. 16 hrs). The reaction mixture was then diluted with 100 mL H2O and washed with EtOAc (3
x 100 mL). The combined organic layers were washed with brine, dried over MgSO4, filtered, and
concentrated in vacuo. The crude product was purified via column chromatography
(Hexane/EtOAc 4:1) to give 1.43 g (73 % yield) of ((4-methoxyphenyl)dimethylsilyl)methanol as
a clear oil. Spectra matched the literature.31 1H NMR (500 MHz, CDCl3) δ 7.51 (d, J = 8.6 Hz,
2H), 6.95 (d, J = 8.6 Hz, 2H), 3.82 (s, 3H), 3.54 (s, 2H), 0.35 (s, 6H).

[Compound 3.8]
methyl N2-(tert-butoxycarbonyl)-N6-((((4-methoxyphenyl)dimethylsilyl)methoxy)carbonyl)L-lysinate.

Prepared according to GP-2 using ((4-methoxyphenyl)dimethylsilyl)methanol (1.96 g, 10 mmol,
1.0 eq.). The product 916 mg (19% yield) as white solid was obtained after column
chromatography (eluent: Hexane/EtOAc 4:1). 1H NMR (500 MHz, CDCl3) δ 7.35 (d, J = 8.0 Hz,
2H), 6.80 (d, J = 7.9 Hz, 2H), 5.37 (br s, 1H), 5.10 (br s, 1H), 4.24 – 4.07 (m, 1H), 3.80 (s, 2H),
3.68 (s, 3H), 3.59 (s, 3H), 3.04 (q, J = 6.3 Hz, 2H), 1.78 – 1.60 (m, 2H), 1.54 – 1.32 (m, 13H),
0.21 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 172.9, 160.3, 157.5, 155.2, 134.8, 126.8, 113.3, 79.2,
56.7, 54.5, 53.0, 51.7, 40.2, 31.6, 29.1, 27.9, 22.1, -4.6. IR (neat, cm-1) 2954, 2866, 2838, 1698,
1583, 1503, 1311, 1245, 1111, 839, 733. HRMS-ESI (m/z): calculated for C23H38N2O7Si [M +
Na]+: 505.2340; found 505.2307.
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Synthesis of 4-((4-methoxybenzyl)oxy)butanoic acid, following the reported procedure.33-37

1-(chloromethyl)-4-methoxybenzene.
This procedure was adapted from the literature.33-35 To a solution of 4-methoxybenzyl alcohol (6.1
mL, 50 mmol, 1.0 eq.) in CH2Cl2 (100 mL, 0.5 M) at -10 ºC was slowly added the SO2Cl2 (7.3
mL, 100 mmol, 2.0 eq.) via a dropping funnel. The reaction mixture was warmed to room
temperature and stirred for 5 hours. During the reaction, a significant volume of HCl gas was
developed, which was neutralized by bubbling through an aqueous solution of 3.0 M NaOH. On
completion, the reaction mixture was quenched by the slow addition of H2O via a dropping funnel.
The organic solution was extracted with CH2Cl2 (3 x 100 mL). The combined organic layers were
washed with brine, dried over MgSO4, filtered, and concentrated in vacuo to give 6.89 g (88%
crude) 1-(chloromethyl)-4-methoxybenzene as a clear oil that was used without further
purification. Spectra matched the literature.33-35 1H NMR (500 MHz, CDCl3) δ 7.32 (d, J = 8.7 Hz,
2H), 6.89 (d, J = 8.7 Hz, 2H), 4.58 (s, 2H), 3.82 (s, 3H).

4-((4-methoxybenzyl)oxy)butanoic acid.
This procedure was adapted from the literature.36-37 To a solution of γ-butyrolactone (1.5 mL, 20
mmol, 1.0 eq.) in dry toluene (100 mL, 0.2 M) at room temperature was added 1-(chloromethyl)4-methoxybenzene (7.83 g, 50 mmol, 2.5 eq.) and potassium hydroxide (4.49 g, 80 mmol, 4.0 eq.).
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The reaction mixture was refluxed at 120 ºC while stirring under N2 for 3 days. The reaction
mixture was then allowed to cool to room temperature and the crude slurry was transferred to a
RB flask. The solvent was removed via rotary evaporator and the resulting oil was re-dissolved in
EtOAc (30 mL) and extracted with H2O (3 x 30 mL). The combined aqueous layers were then
acidified to pH 2 with 1 M HCl and extracted with EtOAc (3 x 50 mL). The combined organic
layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The crude
product was purified via column chromatography (Hexane/EtOAc 4:1) to give 1.66 g (37 % yield)
of 4-((4-methoxybenzyl)oxy)butanoic acid as a white solid. Spectra matched the literature.37 1H
NMR (500 MHz, CDCl3) δ 11.02 (s, 1H), 7.26 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.6 Hz, 2H), 4.45
(s, 2H), 3.81 (s, 3H), 3.51 (t, J = 7.4 Hz, 2H), 2.48 (t, J = 7.4 Hz, 2H), 2.22 – 1.77 (m, 2H).

[Compound 3.9]
N-butyl-4-((4-methoxybenzyl)oxy)butanamide.

As mentioned above, the synthesis of compound 3.9 was used for screening the standard coupling
conditions. Method a: DCC as coupling reagent, following the reported procedure.43 To a flame
dried RBF was added butan-1-amine (0.3 mL, 3 mmol, 1.0 eq.) with DMAP (0.04 g, 0.3 mmol,
0.1 eq.) and DCC (0.62 g, 3 mmol, 1.0 eq.). The flask was cooled to 0 ºC before addition of 4-((4methoxybenzyl)oxy)butanoic acid (0.67 g, 3 mmol, 1.0 eq.) in CH2Cl2 (12 mL, 0.25 M). The
reaction was then stirred and allowed to reach room temperature overnight. After 20 h, the reaction
was diluted with DCM (30 mL) and washed with saturated NaHCO3 (3 x 30 mL). The aqueous
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layer was then back extracted with CH2Cl2 (3 x 30 mL). The combined organic layers were washed
with brine, dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified
via column chromatography (Hexane/EtOAc 4:1) to give 0.22 g (26 % yield) of 4-((4methoxybenzyl)oxy)butanoic acid as a white solid. Method b: EDCI as coupling reagent. To a
flame dried RBF was added 4-((4-methoxybenzyl)oxy)butanoic acid (0.67 g, 3 mmol, 1.0 eq.) with
EDCI (0.86 g, 4.5 mmol, 1.5 eq.) and HOBt (0.61 g, 4.5 mmol, 1.5 eq.) which were then set to stir
in DMF (10 mL, 0.3 M). To this stirring solution was added butan-1-amine (0.3 mL, 3 mmol, 1.0
eq.) and DIPEA (1.1 mL, 6.0 mmol, 2.0 eq.). The reaction was allowed to stir at room temperature
overnight. After 20 h, the reaction was diluted with EtOAc (50 mL) and washed with saturated
NaHCO3 (3 x 30 mL). The aqueous layer was then back extracted with EtOAc (3 x 30 mL). The
combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated in
vacuo. The crude product was purified via column chromatography (Hexane/EtOAc 4:1) to give
0.67 g (80 % yield) of 4-((4-methoxybenzyl)oxy)butanoic acid as a white solid. Method c: HATU
as coupling reagent. To a flame dried RBF was added 4-((4-methoxybenzyl)oxy)butanoic acid
(0.67 g, 3 mmol, 1.0 eq.) with HATU (1.71 g, 4.5 mmol, 1.5 eq.) which were then set to stir in
DMF (10 mL, 0.3 M). To this stirring solution was added butan-1-amine (0.3 mL, 3 mmol, 1.0
eq.) and DIPEA (1.1 mL, 6.0 mmol, 2.0 eq.). The reaction was allowed to stir at room temperature
overnight. After 20 h, the reaction was diluted with EtOAc (50 mL) and washed with saturated
NaHCO3 (3 x 30 mL). The aqueous layer was then back extracted with EtOAc (3 x 30 mL). The
combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated in
vacuo. The crude product was purified via column chromatography (Hexane/EtOAc 4:1) to give
0.68 g (81 % yield) of 4-((4-methoxybenzyl)oxy)butanoic acid as a white solid. 1H NMR (500
MHz, CDCl3) δ 7.21 (d, J = 8.5 Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H), 5.92 (br s, 1H), 4.39 (s, 2H),
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3.76 (s, 3H), 3.45 (t, J = 6.0 Hz, 2H), 3.15 (t, J = 7.2 Hz, 2H), 2.23 (t, J = 7.2 Hz, 2H), 1.88 (tt, J
= 7.2, 6.0 Hz, 2H), 1.37 (tt, J = 7.7, 7.2 Hz, 2H), 1.27 (tq, J = 7.7, 7.2 Hz, 2H), 0.87 (t, J = 7.2 Hz,
3H). 13C NMR (126 MHz, CDCl3) δ 172.6, 159.1, 130.3, 129.2, 113.6, 72.4, 69.1, 55.1, 39.0, 33.5,
31.5, 25.6, 19.9, 13.6. IR (neat, cm-1) 3298, 3074, 2956, 2930, 2860, 1641, 1511, 1244, 1095, 1033,
818. HRMS-ESI (m/z): calculated for C16H25NO3 [M + H]+: 280.1907, found 280.1907; [M + Na]+:
302.1727, found 302.1726.

[Compound 3.10]
methyl N2-(tert-butoxycarbonyl)-N6-(4-((4-methoxybenzyl)oxy)butanoyl)-L-lysinate.

To a flame dried RBF was added 4-((4-methoxybenzyl)oxy)butanoic acid (0.67 g, 3 mmol, 1.0
eq.) with HATU (1.71 g, 4.5 mmol, 1.5 eq.) which were then set to stir in DMF (10 mL, 0.3 M).
To this stirring solution was added Boc-Lys-OMe (0.76 g, 3 mmol, 1.0 eq.) and DIPEA (1.1 mL,
6.0 mmol, 2.0 eq.). The reaction was allowed to stir at room temperature overnight. After 20 h, the
reaction was diluted with EtOAc (50 mL) and washed with saturated NaHCO3 (3 x 30 mL). The
aqueous layer was then back extracted with EtOAc (3 x 30 mL). The combined organic layers
were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The crude product
was purified via column chromatography (Hexane/EtOAc 4:1) to give 1.05 g (75 % yield) of
Compound 3.10 as a white solid. 1H NMR (500 MHz, CDCl3) δ 7.14 (d, J = 8.5 Hz, 2H), 6.76 (d,
J = 8.5 Hz, 2H), 6.21 (br s, 1H), 5.27 (br s, 1H), 4.31 (s, 2H), 4.20 – 4.04 (m, 1H), 3.69 (s, 3H),
3.61 (s, 3H), 3.38 (t, J = 6.1 Hz, 2H), 3.06 (t, J = 6.7 Hz, 2H), 2.16 (t, J = 7.3 Hz, 2H), 1.81 (tt, J
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= 7.3, 6.1 Hz, 2H), 1.73 – 1.53 (m, 2H), 1.45 – 1.15 (m, 13H). 13C NMR (126 MHz, CDCl3) δ
172.9, 172.6, 158.8, 155.3, 130.1, 129.0, 113.4, 79.4, 72.2, 68.9, 54.9, 53.0, 51.8, 38.6, 33.1, 31.7,
28.7, 28.0, 25.4, 22.3. IR (neat, cm-1) 3429, 3054, 2935, 1709, 1669, 1512, 1265, 1094, 1063, 843,
730. HRMS-ESI (m/z): calculated for C24H38N2O7 [M + Na]+: 489.2571; found 489.2633.
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Chapter 4: Benzylic position oxidation to trigger an
elimination reaction

4.1

Introduction

4.1.1 Benzylic methylene C-H oxidation
Traditionally, chemists have used stoichiometric oxidants or metal catalysts for C-H bond
oxygenation and delivered alcohol and carbonyl derivatives, offering great transformation
results.1-5 Electrosynthesis of ketones through anodic oxidation of benzylic carbon is considered
as an alternative approach to a more sustainable process.6-10 With this in mind, we can take
advantage of numerous contributions in the electrolytic benzylic oxidation reaction with either
direct11 or especially indirect electrolysis conditions to re-purpose them for parallel synthesis. As
a reminder, all array-based reactions are mediated electrolysis. The selective electrodes in the array
are used to recycle the catalyst where it is needed. Thus in an indirect electrolysis various mediators,
such as cerium ammonium nitrate (CAN), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),1213

triarylimidazoles,14

N-hydroxyphthalimide

(NHPI),15

N-hydroxytetrachlorophthalimide

(Cl4NHPI),16 and 2,2,6,6-tetramethylpiperidin-1-yl)oxyl with sodium bromide (TEMPO/NaBr)1720

can be tried for facilitating oxygenation of the benzylic carbon.
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4.1.2 Hypothesis
As we consider a parallel synthesis strategy to molecular library construction on the array,
it is important to realize that parallel synthesis requires a set of orthogonal protected groups that
can be selectively removed one at a time. With this in mind, we proposed an elimination approach
highlighted in Scheme 4.1. The idea in this case was to use electron-rich aryl ring that could be
oxidized to trigger a cleavage reaction without any leaving group proximal to the aryl ring. The
key here was to utilize the electron-rich aryl ring in an oxidation reaction to functionalize the
benzylic carbon and then use the carbonyl introduced to trigger an elimination reaction. Once again,
the family of protecting groups vary the oxidation potential by altering the substituents on the
aromatic ring so that each protecting group’s benzylic position is oxidized at a different potential.
The selectivity on the arrays would be accomplished by varying the potential of the mediator on
the array so it matched that for the benzylic oxidation.

Scheme 4.1. An alternative beta-elimination approach.

While it was understood that many such oxidation reactions go by a H-atom abstraction at
the benzylic carbon, we hypothesized that using electron rich aromatic rings can channel the
mechanism down to a radical cation pathway. A benzylic oxidation mechanism according to
literatures is shown in Scheme 4.2.11, 14-15 The aryl radical cation generated by electrochemical
oxygenation of benzylic carbon C-H can subsequently undergo deprotonation and a further
oxidation to furnish a benzylic cation which can be trapped with oxygen-based nucleophiles. If the
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benzylic position next to the more electron rich aromatic ring can be selectively oxidized to the
desired ketone product, it would allow us to capitalize on the strategy shown in Scheme 4.1.

Scheme 4.2. Plausible radical cation mechanism for the benzylic oxidation.

4.2

Results and Discussions

4.2.1 Testing the hypothesis with a small molecule
In order to evaluate the hypothesis, my study commenced with the synthesis of two
substrates, one with benzyl amine as the elimination reaction leaving group, and one with benzyl
alcohol as leaving group (Scheme 4.3). The synthesis started with reducing commercially available
3-(4-methoxyphenyl)propanoic acid using lithium aluminum hydride (LAH) to afford 98% yield

O
OH
H3CO

LAH, THF,
0 °C to rt, overnight
98%

OH
H3CO

O

(1) triphosgene, pyridine, toluene,
-45 °C to rt, overnight
(2) benzyl amine or benzyl alcohol
pyridine, CH2Cl2,
rt, overnight

O
H3CO

Scheme 4.3. Synthesis of compound 4.1 and 4.2.
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X

4.1. X = NH, 62%
4.2. X = O, 53%

of 3-(4-methoxyphenyl)propan-1-ol. The alcohol was then activated by treatment of triphosgene
in the presence of pyridine, affording the corresponding chloroformate that was carried forward
without further purification.21-23 Upon treatment of the chloroformate with either benzyl amine or
benzyl alcohol in CH2Cl2, carbamate 4.1 and carbonate 4.2 were generated in 62% yield and 53%
yield, respectively.
With the substrates in hand, I set out to investigate the direct electrosynthesis of ketones
from benzylic methylenes through an electrooxidative C-H activation at constant current. The
compound 4.1 was oxidized (constant current, 8 mA) in an undivided cell equipped with a
reticulated vitreous carbon (RVC) anode and a carbon cathode until 4.0 F/mol of charge had been
passed (corresponding to a 4 electron per molecule oxidation). The reactions were conducted with
0.1 M Et4NOTs as the electrolyte in a 9:1 mixture of CH3CN/H2O solution. Under this condition,
the reaction led to the desired ketone product 4.1a in 37% yield along with the alcohol product
4.1b in 10% yield (Table 4.1, entry 1). After increasing the supply of electrons from 4.0 F/mol to

Table 4.1. Electrooxidative C-H activation of compound 4.1.
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7.0 F/mol (Table 4.1, entry 2), the yield of desired ketone product 4.1a was increased to 56%.
Interestingly, the elimination reaction was also concurrently undergoing in this electrolysis
reaction. Elimination of a beta-proton from the desired ketone product 4.1a would afford 1-(4methoxyphenyl)prop-2-en-1-one, which was reduced to give the dimerization product 4.1c in 12%
yield (Table 4.1, entry 2). This was consistent with early finding from the Moeller group that
methanol can be reduced at cathode in the electrolysis reaction and generated methoxide as base.
It seemed like good news for me if the reaction can undergo the benzylic oxidation and then
elimination within one step. The interest of this dimerization, undergoing similar pathway as wellknown Monsanto adiponitrile process,24-26 is currently being applied in paired electrochemical
reactions by Tiandi Wu in our group. To probe our initial premise that the carbonyl introduced can
trigger an elimination to release the protecting group, the previously synthesized ketone product
4.1a from the electrolysis reaction was also subjected to base-catalyzed beta-elimination reaction
(Scheme 4.4). The use of potassium tert-butoxide as the base led to the release of benzylamine,
following the acidification of the benzylamine afforded a 60% yield of benzylamine
hydrochloride.27 In this case, no (4-methoxyphenyl)prop-2-en-1-one was detected. This was
consistent with the early finding from Tiandi Wu in our group that (4-methoxyphenyl)prop-2-en1-one is not stable and may polymerize during the reaction.

Scheme 4.4. A beta-elimination of compound 4.1a.
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The oxidation of compound 4.2 was again conducted using a RVC anode, a carbon cathode,
an undivided cell, and a constant current of either 8 mA or 16 mA until 4.0 F/mole of charge was
passed (Scheme 4.5). Conducting the reaction at constant current of 8 mA, the desired ketone
product 4.2a was isolated in a 40% yield. When the reaction was conducted at constant current of
16 mA, the desired ketone product 4.2a was increased to a 51% yield under the same conditions.

Scheme 4.5. Electrooxidative C-H activation of compound 4.2.
Because increasing electrolysis current did not have significant impact on this electrolysis reaction,
the reaction was not optimized further. After verification of the direct electrosynthesis of ketones
from benzylic methylenes through an electrooxidative C-H activation, attention was turned toward
showing this new form carbonyl group can trigger elimination and release the free nucleophile as
expected. The compound 4.2a was treated with DBU as base to trigger elimination reaction and
afforded (4-methoxyphenyl)prop-2-en-1-one in 61% yield along with 15% yield of benzyl alcohol
(Scheme 4.6).

Scheme 4.6. A beta-elimination of compound 4.2a.
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4.2.2 Examining core scaffold acid stability
Learning from the acid unstable Cbz-derivatived protecting groups discussed in Chapter 3,
the plan for diversifying the core scaffold on the array called for acid and base stable protecting
groups. As mentioned in Chapter 3, the base required for the site-selective esterification on the
microelectrode array was generated by the reduction of vitamin B12 to the radical anion, which
was confined to the selected electrodes by an acidic medium above the array. To this end, the siteselective, base catalyzed coupling reaction between an unmasked amine or alcohol on the array
and a series of activated esters requires all of the other protecting groups to be acid stable. To test
the stability of this core scaffold, I synthesized lysine monomers bearing the oxidatively-cleavable
protecting groups on the side chain amines analogously to Chapter 3. The synthesis of the
dimethoxy compound 4.3 is shown in Scheme 4.7. The commercially available (E)-3-(2,4dimethoxyphenyl)acrylic acid was treated with the standard hydrogenation to reduce the double
bond, and then LAH (lithium aluminum hydride) to reduce the carboxylic acid, affording 3-(2,4dimethoxyphenyl)propan-1-ol in 82% yield over two steps. The alcohol was then converted to a
chloroformate in a similar fashion as reported above and reacted with Boc-Lys-OMe to yield the
dimethoxybenyl protected carbamate 4.3. The compound 4.3 was isolated in 33% yield. The

Scheme 4.7. Synthesis of compound 4.3 and 4.3a.
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methyl ester was cleaved using 2M NaOH aqueous solution in THF, affording the acid in 80%
yield.
On the other hand, the compound 4.4 was synthesized from 3-(4-methoxyphenyl)propan1-ol that was previously shown in Scheme 4.3. The 3-(4-methoxyphenyl)propan-1-ol was activated
by treatment of triphosgene in the presence of pyridine, affording the corresponding chloroformate
that was carried forward without further purification, following treatment of Boc-Lys-OMe
generated compound 4.4 in 34% yield (Scheme 4.8). Compound 4.4 was then treated with standard
Boc deprotection using TFA, resulting compound 4.4a in 76% yield. The success of both methyl
ester deprotection and Boc deprotection gave us confidence that this core scaffold without any

Scheme 4.8. Synthesis of compound 4.4 and 4.4a.
leaving group proximal to the aryl ring is base and acid stable. In the end, experimental results in
Scheme 4.7 and 4.8 appear to confirm our proposed mechanism in Chapter 3, Scheme 3.10 that
electron-donation from the para-methoxybenzyl protecting group caused the Cbz protecting group
to leave the starting material and led to the broadened proton NMR peaks along with the
disappearance of the methylene group of 4-methoxylated Cbz-group.
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4.2.3 Screening oxidative mediator for the benzylic C-H oxidation
As mentioned in Chapter 1, the site-selective reaction on the microelectrode array is
accomplished by incubating the array is a solution containing the inactive pre-catalyst, and then
electrochemically converting the pre-catalyst into the active catalyst at selected electrodes in the
array. The application of electrode to recycle the catalyst is similar to the standard mediated
electrolysis condition. In order to utilize the benzylic oxidation site-selectively on the
microelectrode array, I set out to investigate a variety of mediators for the benzylic oxidation and
attempted to capture the desired ketone product. I also synthesized compound 4.5, containing 4((tert-butyldimethylsilyl)oxy)butan-1-ol as the elimination reaction leaving group (Scheme 4.9).
This substrate was chosen for the mediator screening because it can easily be placed on a
microelectrode array. Once the benzylic oxidation condition is optimized following a screening of
mediators, it is ready to the subsequent TBS deprotection and link to the array surface with the use
of the site-selective Cu(I)-chemistry developed by Dr. Jennifer L. Bartels in Moeller group.28 The
synthesis of compound 4.5 began in a similar fashion to my previous synthesis. To this end, I was
able to activate the 3-(2,4-dimethoxyphenyl)propan-1-ol with triphosgene in the presence of
pyridine, affording the corresponding chloroformate. Following the activation step, the crude

Scheme 4.9. Synthesis of compound 4.5 and 4.6.
product was carried forward without isolation. The crude material was then treated with 4-((tertbutyldimethylsilyl)oxy)butan-1-ol to afford compound 4.5 in 53% yield. Compound 4.5 was also
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treated with TBAF to remove the TBS protecting group, generating alcohol Compound 4.6 in 37%
yield for later use on microelectrode arrays. Mediator screening was conducted with the terminal
alcohol still TBS-protected because this could help to avoid side reactions like oxidation of the
alcohol.
With compound 4.5 in hand, its benzylic oxidation was investigated. The reaction was first
conducted using the reaction conditions similar to those used for oxidizing compound 4.1 and 4.2
(Table 4.1 and Scheme 4.5). This first electrolysis was conducted using a RVC anode, a carbon
cathode, an undivided cell, and a constant current of 16 mA until 4.0 F/mole of charge was passed.

Table 4.2. Electrooxidative C-H activation of compound 4.5.
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In this case, no desired product 4.5a was observed but recovered 22% yield of starting material 4.5
(Table 4.2, entry 1). I wondered if the application of reported reaction conditions might improve
the benzylic oxidation. The second reaction was conducted according to the literature protocol,11
using 0.1 M LiClO4 electrolyte in a 9:1 mixture of CH3CN/H2O solution, platinum as both the
anode and cathode, an undivided cell, and a constant current of 20 mA until 4.0 F/mole of charge
was passed. The deprotection of TBS group by the methoxide, generated by the cathodic reduction
of methanol, afforded compound 4.6 in 63% yield (Table 4.2, entry 2). Of course, this result will
not be observed on the array reaction because the array reaction will start with the addition of
compound 4.6 to the arylbromide surface using a Cu(I)-catalyzed addition. In other word, there is
no longer a TBS protecting group because that alcohol is used to attach the substrate to the array.
The third reaction was conducted according to Moeller group literature protocol,29 using 50 mol%
CAN as oxidant, 0.1 M Et4NOTs electrolyte in a 9:1 mixture of CH3CN/H2O solution, RVC anode,
carbon cathode, an undivided cell, and a constant current of 8 mA until 4.0 F/mole of charge was
passed. In this case, no desired product 4.5a was observed (Table 4.2, entry 3). The four reaction
was conducted according to the literature protocol,14 using 10 mol% triarylimidazole as mediator
and 0.2 M LiClO4 electrolyte in a 4:1:0.5 mixture of CH3CN/CH2Cl2/H2O solution, a RVC anode,
a carbon cathode, an undivided cell, and a constant current of 8 mA until 4.0 F/mole of charge was
passed. With triarylimidazole as the mediator, the desired product 4.5a was isolated in 12% yield
(Table 4.2, entry 4). Attempt to optimize the reaction by changing the mediator to a tetrachloroN-hydroxyphthalimide (Cl4NHPI) and tert-butylhydroperoxide (tBuOOH) system16 led to 18%
yield of the desired product 4.5a (Table 4.2, entry 5). Unfortunately, none of these reactions could
be optimized to obtain an acceptable yield of ketone product 4.5a.
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In order to demonstrate the selectivity of the benzylic oxidation reaction in the absence of
side reaction (for example TBS deprotection shown in Table 4.2, entry 2), substrate 4.7 was
synthesized (Scheme 4.10). The 3-(4-methoxyphenyl)propan-1-ol was activated by treatment of
triphosgene in the presence of pyridine, affording the corresponding chloroformate that was carried
forward without further purification, following treatment of 3-(2,4-dimethoxyphenyl)propan-1-ol
generated compound 4.7 in 30% yield.

Scheme 4.10. Synthesis of compound 4.7.

With compound 4.7 in hand, its benzylic oxidation was investigated (Table 4.3). The
reaction was first conducted using 20 mol% CAN as mediator,29 0.1 M Et4NOTs electrolyte in a
9:1 mixture of CH3CN/H2O solution, RVC anode, carbon cathode, an undivided cell, and a
constant current of 8 mA until 4.0 F/mole of charge was passed. In this case, the desired product
4.7a was only isolated in 3% yield (Table 4.3, entry 1). When triarylimidazole as the mediator in
the same reaction condition reported above,14 no desired product 4.7a was observed but recovered
38% yield of starting material 4.7 (Table 4.3, entry 2). The use of co-mediators, tetrachloro-Nhydroxyphthalimide (Cl4NHPI) and tert-butylhydroperoxide (tBuOOH),16 led to 46% yield of the
desired product 4.7a along with 10% of the overoxidized product 4.7b (Table 4.3, entry 3).
However, as hard as we tried the benzylic oxidation could not be optimized to obtain a suitable
yield. The use of co-mediators, 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and sodium
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Table 4.3. Electrooxidative C-H activation of compound 4.7.
bromide (NaBr),17-20 surprisingly isolated a bromination product 4.7c in 88% yield (Table 4.3,
entry 4). It appears that the radical cation intermediate being generated on the electron-rich aryl
rings was too stable and it did not undergo the desired benzylic oxidation reaction; instead it
reacted with bromine (either Brꞏ or Br+) to generate the bromination product. This will be the key
problem for applying this strategy on our microelectrode array. Because one block of the array
diblock copolymer coating is polystyrene, the generation of a stable radical cation would be
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expected to have numerous side reactions with polymer coating itself, such as proton or hydrogen
atom elimination reaction, polymerization reaction, intramolecular coupling reaction, etc.
The electrolysis of compound 4.7 using the co-mediators, 2,2,6,6-tetramethyl-1piperidinyloxy (TEMPO) and sodium bromide (NaBr) was successful. For example, the crude
proton NMR of experiment conducted in Table 4.3, entry 4 was shown in Figure 4.1. In this case,
the desire brominated product 4.7c was isolated in 88% yield after column chromatography.

Figure 4.1. Bromination formation.

A proposed mechanism of the competitive bromination and benzylic oxidation was
depicted in Scheme 4.11. The most electron-rich aryl ring in the substrate was oxidized at the
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anode to give a radical cation that was then undergo the deprotonation either at the aromatic ring
or from the benzylic carbon. If the resulting radical were trapped by the Brꞏ from the anodic
oxidation of bromide ion would afford the bromination product. The formation of dimerization
product if the resulting radical was undergoing the homocoupling pathway. If the resulting radical
was oxidized and trapped by water to afford the alcohol product. Repeating the anodic oxidation
process can further turn the alcohol to the desired ketone product.

Scheme 4.11. Proposed mechanism for the bromination, dimerization, and benzylic oxidation.

While even the crude proton NMR data of the bromination product 4.7c is clean, it is
indistinguishable between the bromination product and the dimerization product. The high145

Figure 4.2. ESI spectrum of compound 4.7c.
resolution mass spectrometry (Figure 4.2) and elemental analysis might help us understand deeper
of the reaction mechanism. The HRMS-ESI of compound 4.7c, calculated for C22H27BrO6 [M +
Na]+ 489.0883, was found 489.0901. The isotope pattern of compound 4.7c, calculated for
C22H2781BrO6 [M + Na]+: 491.0866, was found 491.0883, exhibiting clear 1:1 = 79Br/81Br ratio.
The elemental analysis calculated for C22H27BrO6•H2O: C, 54.44; H, 6.02; Br, 16.46; O, 23.07%
was found C, 54.62; H, 5.50; N < 0.05; Br, 17.41%. Cleary, bromide (Brꞏ) trapping was favorer
than the homocoupling pathway.

4.2.4 Exploring the bromination side reaction
Having a high yield of bromination highlighted in Table 4.3, entry 4, we wondered if the
use of TEMPO is required for the bromination reaction. Does the reaction involve an oxidation of
the aromatic ring to a radical cation at all? All of the anodic bromination reactions used platinum
as both the anode and cathode, an undivided cell, and a constant current of 8 mA until 4.0 F/mole
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of charge was passed. In the first three oxidation reactions (Table 4.4, entry 1-3), the brominated
compound 4.7c was the only major product when NaBr was added. When the electrolysis was
conducted in a divided cell instead of an undivided cell (Table 4.4, entry 4-5), the brominated
compound 4.7c was still the only major product with the addition of NaBr. Clearly, the generation
of [Brꞏ or Br+] from the anodic oxidation of bromide ion reacted quickly with the substrate to form
the bromination product.17

Table 4.4. Screening reaction conditions for the bromination.

With our continuing interests in the bromination reaction, we wondered if this bromination
reaction can be controlled by the electron nature of the aromatic ring. By varying the substituents
on the aryl ring, we sought to identify when the crossover from benzylic oxidation to bromination

Scheme 4.12. Synthesis of compound 4.8 and 4.9.
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of the ring. My study commenced with the synthesis of substrate 4.8 and 4.9 (Scheme 4.12). The
3-(4-methoxyphenyl)propan-1-ol or 3-phenylpropan-1-ol was activated by treatment of
triphosgene in the presence of pyridine, affording the corresponding carbamoyl chloride that was
carried forward without further purification, following treatment of 3-phenylpropan-1-ol generated
compound 4.8 in 75% yield and 4.9 in 76% yield.
With the substrates 4.7, 4.8, and 4.9 in hand, I turned my attention to investigate the
bromination reaction. When mono-p-methoxybenzyl moiety was used in place of 2,4dimethoxybenzyl moiety as the most electron-rich substituent in the compound 4.8, only 12% yield
of bromination product was obtained along with 7% benzylic oxidation reaction (Table 4.5, entry
2). When benzyl moiety was used in the compound 4.9, no bromination product was observed with
a 1% yield of benzylic oxidation product being generated along with recovery of a 91% yield of

Table 4.5. The effect of substituents on the aryl ring altering the bromination ratio.
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starting material 4.9. (Table 4.5, entry 3). In summary, while the bromination reaction could be
stopped by removing the methoxy groups from the ring, the benzylic oxidation reaction still failed.
It was clear that this pathway would also not lead to the desired oxidation cleavable family of
protecting groups.

4.3

Conclusion
The overall strategy about the benzylic position oxidation to trigger an elimination reaction

was verified by the success of channeling the oxidation down a radical cation pathway and then
cleaving the protecting group to release the unmasked amine or alcohol. However, the benzylic
oxidation reaction could not be optimized to obtain an acceptable yield. The yield of bromination
was surprisingly high for each of the reaction conditions attempted with the dimethoxylated aryl
ring. At this point, we knew that we cannot generate a large family of oxidative cleavable groups.
Another strategy would be needed, and it was becoming clear that we needed to develop a series
of orthogonal protecting groups that can be removed site-selectively on the array by taking
advantage of any and all of the reactions available on an array. The question quickly became how
we use the broader scope of chemistry available on the arrays to do an array based parallel
synthesis, and is there an oxidation based protecting group strategy that fit into that larger plan.
My answer for this question lies in using olefin as site to do diversification in Chapter 5.

4.4

Experimental Procedure

General procedure 1 (GP-1): Preparation of carbamate/carbonate, following the reported
procedure.21, 23, 30
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To a solution of (Cl3CO)2CO (0.4 eq.) in anhydrous toluene (0.4 M), at -45 º C dry ice bath, and
under argon, pyridine (1.5 eq.) was added dropwise during 1 h and the resulting suspension stirred
at 0 °C for further 1 h. After addition of R1-alcohol l (1.0 eq.) dropwise over a period of 30 min,
the mixture was stirred at room temperature for 24 h, the solid was filtered off and the solvent
concentrated to yield the corresponding chloroformate, which was used without further
purification. The crude chloroformate was dissolved in CH2Cl2 (0.2 M) followed by the addition
of pyridine (1.5 eq) and R2-alcohol or R2-amine (1.5 eq.) at 0 oC. The mixture was stirred overnight
before quenching with water and extracting with CH2Cl2 (3 x 20 mL). The combined organic layers
were dried over MgSO4, filtered, and concentrated in vacuo. The crude mixture was then purified
via flash column chromatography.

General procedure 2 (GP-2): direct electrolysis reaction:
Method 1, following the reported procedure.29, 31-32 In a flame-dried three-neck round bottom
flask, the substrate (1.0 mmol) was dissolved in a 9:1 mixture of CH3CN/H2O (0.02 M) with
Et4NOTs (0.1 M) electrolyte. Two of the three septa were replaced by a reticulated vitreous carbon
anode (1cm x 1cm x 1cm pieces of RVC on their tips) and a carbon rod cathode. The electrolysis
reaction was carried out at constant current until complete consumption of the starting material
(the progress of the reaction was monitored by TLC). When complete, the CH3CN solvent was
removed via rotary evaporator. The residue was dissolved in EtOAc and washed with water (3 x
20 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo.
The crude mixture was then purified via flash column chromatography.
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Method 2: following the reported procedure.11 In a flame-dried three-neck round bottom flask, the
substrate (1.0 mmol) was dissolved in a 9:1 mixture of CH3CN/H2O (0.05 M) with LiClO4 (0.1
M) electrolyte. Two of the three septa were replaced by a platinum anode (1cm x 1cm) and a
platinum cathode (1cm x 1cm). The electrolysis reaction was carried out at constant current of 20
mA at ambient temperature, supplying 4.0 Faradays/mole of electrons until complete consumption
of the starting material (the progress of the reaction was monitored by TLC). When complete, the
CH3CN solvent was removed via rotary evaporator. The residue was dissolved in EtOAc and
washed with water (3 x 20 mL). The combined organic layers were dried over MgSO4, filtered,
and concentrated in vacuo. The crude mixture was then purified via flash column chromatography.
Caution: Lithium perchlorate is a potential explosive.

General procedure 3 (GP-3): electrolysis reaction with ceric ammonium nitrate.29, 33 In a flamedried three-neck round bottom flask, the substrate (1.0 mmol) and ceric ammonium nitrate (0.5
mmol) was dissolved in a 9:1 mixture of CH3CN/H2O (0.02 M) with Et4NOTs (0.1 M) electrolyte.
Two of the three septa were replaced by a reticulated vitreous carbon anode (1cm x 1cm x 1cm
pieces of RVC on their tips) and a carbon rod cathode. The electrolysis reaction was carried out at
constant current until complete consumption of the starting material (the progress of the reaction
was monitored by TLC). When reaction was complete, it was quenched with 2 mL 30% Na2SO3.
The resulting mixture was stirred for 15 min until two clear layers were formed. The CH3CN
solvent was removed via rotary evaporator. The residue was dissolved in EtOAc and washed with
water (3 x 20 mL).

The combined organic layers were dried over MgSO4, filtered, and

concentrated in vacuo. The crude mixture was then purified via flash column chromatography.
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General procedure 4 (GP-4): electrolysis reaction with triarylimidazole, following the reported
procedure.14, 34-35
2-(4-bromophenyl)-1-methyl-4,5-diphenyl-1H-imidazole.

A mixture of the benzil (1.05 g, 5 mmol, 1 eq.), 4-bromobenzaldehyde (0.93 g, 5 mmol, 1 eq.), 40
wt. % methylamine solution in water (0.43 mL, 5 mmol, 1 eq.), ammonium acetate (0.39 g, 5
mmol, 1 eq.) and NaH2PO4 (0.21 g, 1.5 mmol, 0.3 eq.) was added to a 75 mL thick-walled testtube with a screw-on Teflon top. The reaction mixture was heated to 130 º C and maintained at the
temperature for 5 hours; the reaction mixture was stirred throughout. Then the reaction mixture
was cooled to room temperature. Acetone was added to dissolve the mixture and the undissolved
residue was removed by filtration. After evaporation of the solvent under reduced pressure, the
resulting solid residue was recrystallized from acetone–water to obtain pure products with the yield
of 40%. Spectra matched the literature.14 1H NMR (500 MHz, CDCl3) δ 7.63 (d, J = 8.8 Hz, 4H),
7.54 – 7.52 (m, 2H), 7.48 – 7.45 (m, 3H), 7.41 – 7.39 (m, 2H), 7.22 (t, J = 7.2 Hz, 2H), 7.16 (t, J
= 7.2 Hz, 1H), 3.49 (s, 3H).

13

C NMR (126 MHz, CDCl3) δ 146.7, 138.0, 134.4, 131.8, 130.9,

130.8, 130.8, 130.5, 129.8, 129.0, 128.7, 128.1, 126.9, 126.4, 123.0, 33.2.

In a flame-dried three-neck round bottom flask, the substrate (1.0 mmol), 2-(4-bromophenyl)-1methyl-4,5-diphenyl-1H-imidazole (0.1 mmol), and 2,6-lutidine (5 mmol) was dissolved in a
4:1:0.5 mixture of CH3CN/CH2Cl2/H2O (30 mL, 0.033 M) with LiClO4 (0.2 M) electrolyte. Two
of the three septa were replaced by a reticulated vitreous carbon anode (1cm x 1cm x 1cm pieces
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of RVC on their tips) and a carbon rod cathode. The electrolysis reaction was carried out at constant
current of 8 mA at ambient temperature, supplying 4.0 Faradays/mole of electrons until complete
consumption of the starting material (the progress of the reaction was monitored by TLC). When
complete, the CH3CN solvent was removed via rotary evaporator. The residue was dissolved in
EtOAc and washed with water (3 x 20 mL). The combined organic layers were dried over MgSO4,
filtered, and concentrated in vacuo. The crude mixture was then purified via flash column
chromatography. Caution: Lithium perchlorate is a potential explosive.

General procedure 5 (GP-5): electrolysis reaction with the co-oxidants, tetrachloro-Nhydroxyphthalimide (Cl4NHPI) and tert-butylhydroperoxide (tBuOOH).16 In a flame-dried threeneck round bottom flask, the substrate (1.0 mmol), Cl4NHPI (0.2 mmol), pyridine (2.0 mmol), and
70% aqueous tBuOOH (1.5 mmol) was dissolved in acetone (6 mL/mmol substrate) with LiClO4
(0.6 eq., 0.1 M) electrolyte. Two of the three septa were replaced by a reticulated vitreous carbon
anode (1cm x 1cm x 1cm pieces of RVC on their tips) and a reticulated vitreous carbon cathode
(1cm x 1cm x 1cm pieces of RVC on their tips). The electrolysis reaction was carried out at
constant current of 10 mA at ambient temperature, supplying 4.0 Faradays/mole of electrons until
complete consumption of the starting material. The reaction progress was monitored by the TLC
analysis. When complete, the electrodes were washed thoroughly with ethyl acetate before the
acetone solvent was removed via rotary evaporator. The residue was dissolved in EtOAc and
washed with water (3 x 20 mL). The combined organic layers were dried over MgSO4, filtered,
and concentrated in vacuo. The crude mixture was then purified via flash column chromatography.
Caution: Lithium perchlorate is a potential explosive.
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General procedure 6 (GP-6): electrolysis reaction with the co-oxidants, 2,2,6,6-tetramethyl-1piperidinyloxy (TEMPO) and sodium bromide (NaBr).17-20 In a flame-dried three-neck round
bottom flask, the substrate (1.0 mmol), sodium bromide (4.0 mmol), and TEMPO (0.1 mmol) was
dissolved in a 1:1 mixture of CH2Cl2/NaHCO3 (10 mL/mmol substrate). Two of the three septa
were replaced by a platinum anode (1cm x 1cm) and a platinum cathode (1cm x 1cm). The
electrolysis reaction was carried out at constant current of 8 mA at ambient temperature, supplying
4.0 Faradays/mole of electrons until complete consumption of the starting material (the progress
of the reaction was monitored by TLC). When complete, the electrodes were washed thoroughly
with ethyl acetate before the acetone solvent was removed via rotary evaporator. The residue was
dissolved in EtOAc and washed with water (3 x 20 mL). The combined organic layers were dried
over MgSO4, filtered, and concentrated in vacuo. The crude mixture was then purified via flash
column chromatography.

3-(4-methoxyphenyl)propan-1-ol (CAS number: 5406-18-8).

To a suspension of LiAlH4 (1.52 g, 40 mmol, 2.0 eq.) in anhydrous THF (80 mL) was added 3-(4methoxyphenyl)propanoic acid (3.60 g, 20 mmol, 1.0 eq.) in THF (20 mL) dropwise via slow
addition funnel at 0 ºC under argon atmosphere. Upon complete addition, the reaction was allowed
to warm to room temperature and then stirred for 20 h. The reaction mixture was cooled to 0 ºC
and quenched by the addition of a saturated Rochelle’s salt solution. The resulting mixture was
stirred until the layers were separated (ca. 3-5 hrs). Then the granular white precipitate was filtered
through a Buckner funnel and was washed thoroughly with THF. The flow-through solution was

154

dried over MgSO4, filtered, and concentrated in vacuo. The resulting residue was then purified via
column chromatography (Hexane/EtOAc 3:1) to give product (3.26 g, 98% yield). Spectra
matched the literature.36 1H NMR (500 MHz, CDCl3) δ 7.12 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6
Hz, 2H), 3.79 (s, 3H), 3.67 (t, J = 6.4 Hz, 2H), 2.66 (t, J = 7.2, 2H), 1.91 – 1.83 (m, 2H), 1.28 (br
s, 1H). 13C NMR (126 MHz, CDCl3) δ 157.8, 133.8, 129.3, 113.8, 62.3, 55.3, 34.4, 31.1.

3-(2,4-dimethoxyphenyl)propan-1-ol.

(E)-3-(2,4-dimethoxyphenyl)acrylic acid (4.16 g, 20 mmol, 1 eq.) in dry methanol (200 mL, 0.1
M) was added palladium on activated carbon (Pd 10%, 2.13 g, 2.0 mmol, 0.1 eq.). The reaction
mixture was stirred at room temperature with hydrogen bubbled through where the reaction
progress was monitored by the TLC analysis. The reaction was terminated as the starting protected
amino acid on TLC disappeared (ca. 10-12 hrs). Then the reaction mixture was filtered through a
celite cake packed on a Buckner funnel and the flowed-through solution was concentrated in
vacuo. The residue was directly used in the next step without further purification. To a suspension
of LiAlH4 (1.52 g, 40 mmol, 2.0 eq.) in anhydrous THF (80 mL) was added 3-(2,4dimethoxyphenyl)propanoic acid (3.60 g, 20 mmol, 1.0 eq.) in THF (20 mL) dropwise via slow
addition funnel at 0 ºC under argon atmosphere. Upon complete addition, the reaction was allowed
to warm to room temperature and then stirred for 20 h. The reaction mixture was cooled to 0 ºC
and quenched by the addition of a saturated Rochelle’s salt solution. The resulting mixture was
stirred until the layers were separated (ca. 3-5 hrs). Then the granular white precipitate was filtered
through a Buckner funnel and was washed thoroughly with THF. The flow-through solution was
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dried over MgSO4, filtered, and concentrated in vacuo. The resulting residue was then purified via
column chromatography (Hexane/EtOAc 3:1) to give product (3.22 g, 82% yield over two steps).
Spectra matched the literature.37 1H NMR (500 MHz, CDCl3) δ 7.05 (d, J = 8.0 Hz, 1H), 6.49 –
6.43 (m, 2H), 3.82 (s, 3H), 3.81 (s, 3H), 3.60 (t, J = 6.1 Hz, 2H), 2.66 (t, J = 7.3 Hz, 2H), 1.88 –
1.77 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 159.2, 158.2, 130.2, 122.3, 104.2, 98.5, 62.0, 55.4,
55.4, 33.1, 25.2.

[Compound 4.1]
3-(4-methoxyphenyl)propyl benzylcarbamate.

Prepared according to GP-1 using 3-(4-methoxyphenyl)propan-1-ol (1.66 g, 10 mmol, 1.0 eq.) and
benzyl amine (1.61 g, 15 mmol, 1.5 eq.). The product 1.86 g (62% yield) as white solid was
obtained after column chromatography (eluent: Hexane/EtOAc 4:1). 1H NMR (500 MHz, CDCl3)
δ 7.37 – 7.31 (m, 2H), 7.31 – 7.24 (m, 3H), 7.09 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 4.98
(br s, 1H), 4.37 (s, 2H), 4.11 (t, J = 6.5 Hz, 2H), 3.77 (s, 3H), 2.62 (t, J = 7.5 Hz, 2H), 1.97 – 1.86
(m, 2H).

13

C NMR (126 MHz, CDCl3) δ 157.8, 156.6, 138.6, 133.4, 129.3, 128.6, 127.5, 127.5,

113.8, 64.4, 55.2, 45.1, 31.2, 30.9. IR (neat, cm-1) 3340, 2954, 1708, 1510, 1242, 1034, 731, 698.
HRMS-ESI (m/z): calculated for C18H21NO3 [M + Na]+: 322.1414; found 322.1421.

Electrooxidative C-H activation of compound 4.1, generating compound 4.1a, 4.1b, 4.1c.
The reaction was carried out following the method 1 in GP-2 using 3-(4-methoxyphenyl)propyl
benzylcarbamate (299 mg, 1.0 mmol, 1.0 eq.), Et4NOTs (1.51 g, 5.0 mmol, 0.1 M), and a 9:1
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mixture of CH3CN/H2O (50 mL, 0.02 M). The electrolysis reaction was carried out at 8 mA until
4.0 F/mole or 7.0 F/mole of charge had been passed using RVC as anode and graphite as cathode
(Table 4.1). The crude product was purified by column chromatography (eluent: Hexane/EtOAc
5:1).

[Compound 4.1a]
3-(4-methoxyphenyl)-3-oxopropyl benzylcarbamate.

White solid. 1H NMR (500 MHz, CDCl3) δ 7.93 (d, J = 8.8 Hz, 2H), 7.36 – 7.22 (m, 5H), 6.92 (d,
J = 8.8 Hz, 2H), 5.06 (s, 1H), 4.53 (t, J = 6.3 Hz, 2H), 4.35 (s, 2H), 3.86 (s, 3H), 3.25 (t, J = 6.3
Hz, 2H).

13

C NMR (126 MHz, CDCl3) δ 195.9, 163.6, 156.4, 138.3, 130.4, 129.8, 128.6, 127.5,

125.7, 113.8, 60.5, 55.4, 45.0, 37.5. IR (neat, cm-1) 3428, 3054, 2958, 2837, 1699, 1511, 1243,
731, 698. HRMS-ESI (m/z): calculated for C18H19NO4 [M + Na]+: 336.1206, found 336.1203.

[Compound 4.1b]
3-hydroxy-3-(4-methoxyphenyl)propyl benzylcarbamate.

Clear oil. 1H NMR (500 MHz, CDCl3) δ 7.38 – 7.31 (m, 2H), 7.30 – 7.18 (m, 5H), 6.86 (d, J = 8.6
Hz, 2H), 5.08 (br s, 1H), 4.81 – 4.62 (m, 1H), 4.36 (s, 2H), 4.11 (t, J = 6.0 Hz, 2H), 3.78 (s, 3H),
2.65 (s, 1H), 2.01 (dt, J = 12.0, 6.0 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 159.0, 156.8, 138.4,
136.1, 130.4, 128.7, 127.5, 127.0, 113.8, 70.6, 62.2, 55.2, 45.1, 38.6. IR (neat, cm-1) 3428, 3054,
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2958, 2837, 1699, 1511, 1243, 1031, 731, 698. HRMS-ESI (m/z): calculated for C18H21NO4 [M +
Na]+: 338.1363; found 338.1367.

[Compound 4.1c]
1,6-bis(4-methoxyphenyl)hexane-1,6-dione.

Spectra matched the literature.38-39 1H NMR (500 MHz, CDCl3) δ 7.94 (d, J = 9.0 Hz, 4H), 6.93
(d, J = 9.0 Hz, 4H), 3.87 (s, 6H), 2.98 (t, J = 7.0 Hz, 4H), 1.82 (t, J = 7.0 Hz, 4H). 13C NMR (126
MHz, CDCl3) δ 198.7, 163.4, 130.3, 130.1, 113.7, 55.5, 38.1, 24.2. IR (neat, cm-1) 2939, 1670,
1600, 1509, 1252, 736. HRMS-ESI (m/z): calculated for C20H22O4 [M + Na]+: 349.1410; found
349.1439.

Elimination of Compound 4.1a, generating benzyl amine.

To 3-(4-methoxyphenyl)-3-oxopropyl benzylcarbamate, 4.1a (313 mg, 1.0 mmol, 1.0 eq.) in THF
(10 mL, 0.1 M) at 0 ºC was added the freshly prepared potassium tert-butoxide (0.5 M solution in
THF, 2 mL, 1.0 mmol, 1.0 eq.) was added dropwise. The reaction mixture was allowed to warm
up to room temperature and stirred for 2h at room temperature. The reaction was acidified to pH
= 2 with 1 M HCl at 0 ºC and then extracted with CH2Cl2 (3 x 30 mL). The aqueous layer was
basified to pH = 11 with 1 M NaOH at 0 ºC and back-extracted with Et2O (3 x 30 mL). The organic
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layer was dried over Na2SO4, filtered, and added 1 M HCl in Et2O (10 mL, 10 mmol, 10 eq.) at 0
º C. The mixture was stirred at rt for 1 h, and the solvent was removed under reduced pressure.
The residue was washed with Et2O to give product as a white solid in 60% yield. Spectra matched
the literature.27 1H NMR (500 MHz, DMSO-d6) δ 8.67 (s, 3H), 7.52 (d, J = 6.8 Hz, 2H), 7.45 –
7.31 (m, 3H), 3.99 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 134.1, 129.0, 128.5, 128.3, 42.1.

[Compound 4.2]
benzyl (3-(4-methoxyphenyl)propyl) carbonate.

Prepared according to GP-1 using 3-(4-methoxyphenyl)propan-1-ol (1.66 g, 10 mmol, 1.0 eq.) and
benzyl alcohol (1.62 g, 15 mmol, 1.5 eq.). The product 1.59 g (53% yield) as white solid was
obtained after column chromatography (eluent: Hexane/EtOAc 4:1). 1H NMR (500 MHz, CDCl3)
δ 7.46 – 7.32 (m, 5H), 7.10 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 5.18 (s, 2H), 4.18 (t, J =
6.5 Hz, 2H), 3.79 (s, 3H), 2.64 (t, J = 7.5 Hz, 2H), 2.07 – 1.93 (m, 2H).

13

C NMR (126 MHz,

CDCl3) δ 157.9, 155.1, 135.3, 132.9, 129.2, 128.5, 128.5, 128.3, 113.8, 69.5, 67.4, 55.2, 30.9, 30.4.
IR (neat, cm-1) 3019, 2960, 1740, 1612, 1512, 1454, 1264, 1247, 1214, 744, 667. HRMS-ESI
(m/z): calculated for C18H20O4 [M + Na]+: 323.1254; found 323.1251.
Electrooxidative C-H activation of compound 4.2, generating compound 4.2a.
benzyl (3-(4-methoxyphenyl)-3-oxopropyl) carbonate.
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The reaction was carried out following the method 1 in GP-2 using benzyl (3-(4methoxyphenyl)propyl) carbonate (300 mg, 1.0 mmol, 1.0 eq.), Et4NOTs (1.51 g, 5.0 mmol, 0.1
M), and a 9:1 mixture of CH3CN/H2O (50 mL, 0.02 M). The electrolysis reaction was carried out
at 8 mA or 16 mA until 4.0 F/mole of charge had been passed using RVC as anode and graphite
as cathode (Scheme 4.5). The crude product was purified by column chromatography (eluent:
Hexane/EtOAc 5:1) to give compound 4.2a as white solid. 1H NMR (500 MHz, CDCl3) δ 7.91 (d,
J = 8.7 Hz, 2H), 7.43 – 7.30 (m, 5H), 6.92 (d, J = 8.7 Hz, 2H), 5.15 (s, 2H), 4.58 (t, J = 6.5 Hz,
2H), 3.85 (s, 3H), 3.29 (t, J = 6.5 Hz, 2H).

13

C NMR (126 MHz, CDCl3) δ 195.0, 163.7, 154.9,

135.1, 130.3, 128.5, 128.4, 128.3, 126.9, 113.8, 69.6, 63.3, 55.4, 36.9. IR (neat, cm-1) 3063, 2964,
2840, 1742, 1674, 1598, 1251, 1168, 732, 696. HRMS-ESI (m/z): calculated for C18H18O5 [M +
H]+: 315.1227, found 315.1225; [M + Na]+: 337.1046, found 337.1043; [M + K]+: 353.0786, found
353.0783.

Elimination of Compound 4.2a, generating benzyl alcohol (CAS number: 100-51-6) and 1(4-methoxyphenyl)prop-2-en-1-one.

To benzyl (3-(4-methoxyphenyl)-3-oxopropyl) carbonate, 4.2a (314 mg, 1.0 mmol, 1.0 eq.) in
DMF (10 mL, 0.1 M) at 0 ºC was added DBU (0.2 mL, 1.5 mmol, 1.5 eq dropwise. The reaction
mixture was allowed to warm up to room temperature and stirred for 2 hours at room temperature.
The reaction process was monitored by the TLC analysis. After 2 hours, the reaction mixture was
diluted with H2O (50 mL), and then washed with EtOAc (3 x 30 mL). The combined organic layers
were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The crude product
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was purified via column chromatography (Hexane/EtOAc 5:3) to give 16 mg (15% yield) of benzyl
alcohol as clear oil and 99 mg (61% yield) of 1-(4-methoxyphenyl)prop-2-en-1-one as white solid.
Spectra matched the literature.40 1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 8.9 Hz, 2H), 7.16 (dd,
J = 17.1, 10.5 Hz, 1H), 6.94 (d, J = 8.9 Hz, 2H), 6.41 (dd, J = 17.1, 1.8 Hz, 1H), 5.86 (dd, J = 10.5,
1.8 Hz, 1H), 3.85 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 189.0, 163.4, 132.0, 130.9, 130.1, 129.0,
113.7, 55.3.

[Compound 4.3]
methyl N2-(tert-butoxycarbonyl)-N6-((3-(2,4-dimethoxyphenyl)propoxy)carbonyl)-Llysinate

Prepared according to GP-1 using 3-(2,4-dimethoxyphenyl)propan-1-ol (1.96 g, 10 mmol, 1.0 eq.)
and Boc-Lys-OMe (2.60 g, 10 mmol, 1.0 eq.). The product 1.60 g (33% yield) as a colorless oil
was obtained after column chromatography (eluent: Hexane/EtOAc 4:1). 1H NMR (500 MHz,
CDCl3) δ 7.00 (d, J = 8.2 Hz, 1H), 6.49 – 6.35 (m, 2H), 5.32 (br s, 1H), 5.08 (br s, 1H), 4.35 – 4.23
(m, 1H), 4.05 (t, J = 6.5 Hz, 2H), 3.78 (s, 3H), 3.77 (s, 3H), 3.72 (s, 3H), 3.15 (q, J = 6.2 Hz, 2H),
2.59 (t, J = 7.4 Hz, 2H), 1.91 – 1.83 (m, 2H), 1.81 – 1.61 (m, 2H), 1.57 – 1.37 (m, 13H). 13C NMR
(126 MHz, CDCl3) δ 173.0, 158.9, 158.0, 156.6, 155.2, 129.7, 121.8, 103.6, 98.2, 79.4, 64.2, 55.0,
54.9, 53.0, 51.9, 40.1, 31.8, 29.0, 28.1, 28.0, 25.7, 22.2. IR (neat, cm-1) 3344, 2950, 1704, 1613,
1507, 1456, 1366, 1259, 1209, 1157, 1041, 750. HRMS-ESI (m/z): calculated for C24H38N2O8 [M
+ Na]+: 505.2520; found 505.2526.
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[Compound 4.3a]
N2-(tert-butoxycarbonyl)-N6-((3-(2,4-dimethoxyphenyl)propoxy)carbonyl)-L-lysine.

To a solution of compound 4.3 (1.21 g, 2.50 mmol, 1.0 eq.) in THF (22 mL, 0.1 M) was added
NaOH aqueous solution (0.5 M, 20 mL, 10 mmol, 4.0 eq.) and the mixture was stirred at room
temperature. The reaction progress was monitored by the TLC analysis. The reaction was
terminated as the starting ester on TLC plate disappeared (ca. 5 hrs). The mixture was diluted with
H2O (50 mL) and extracted with EtOAc (50 mL). After partition, the organic layer was discarded,
and the aqueous layer was acidified to pH 2 with 1 M HCl. The mixture was then extracted with
EtOAc (3 x 50 mL). The combined organic layers were washed with brine, dried over MgSO4,
filtered, and concentrated in vacuo. The crude product was purified via column chromatography
(CH2Cl2/MeOH 10:1 with 2% acetic acid) to give 937 mg (80 % yield) of carboxylic acid as a
clear oil. 1H NMR (500 MHz, CDCl3) δ 9.19 (s, 1H), 6.92 (d, J = 8.2 Hz, 1H), 6.40 – 6.29 (m, 2H),
5.32 (br s, 1H), 4.92 (br s, 1H), 4.27 – 4.14 (m, 1H), 4.00 (t, J = 6.4 Hz, 2H), 3.71 (s, 3H), 3.70 (s,
3H), 3.06 (q, J = 6.2 Hz, 2H), 2.51 (t, J = 7.4 Hz, 2H), 1.85 – 1.76 (m, 2H), 1.75 – 1.54 (m, 2H),
1.49 – 1.31 (m, 13H). 13C NMR (126 MHz, CDCl3) δ 176.3, 159.1, 158.2, 157.0, 155.8, 129.9,
122.1, 103.8, 98.4, 79.9, 64.7, 55.2, 55.1, 53.3, 40.4, 32.0, 29.3, 29.1, 28.3, 25.9, 22.3. IR (neat,
cm-1) 2936, 1699, 1613, 1506, 1455, 1366, 1260, 1207, 1155, 1035, 733, 702. HRMS-ESI (m/z):
calculated for C23H36N2O8 [M + Na]+: 491.2364; found 491.2371.

[Compound 4.4]
methyl N2-(tert-butoxycarbonyl)-N6-((3-(4-methoxyphenyl)propoxy)carbonyl)-L-lysinate.
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Prepared according to GP-1 using 3-(4-methoxyphenyl)propan-1-ol (1.66 g, 10 mmol, 1.0 eq.) and
Boc-Lys-OMe (2.60 g, 10 mmol, 1.0 eq.). The product 1.54 g (34% yield) as a colorless oil was
obtained after column chromatography (eluent: Hexane/EtOAc 4:1). 1H NMR (500 MHz, CDCl3)
δ 7.07 (d, J = 8.6 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 5.25 (br s, 1H), 5.01 (br s, 1H), 4.33 – 4.21
(m, 1H), 4.05 (t, J = 6.4 Hz, 2H), 3.77 (s, 3H), 3.72 (s, 3H), 3.14 (q, J = 6.3 Hz, 2H), 2.60 (t, J =
7.4 Hz, 2H), 1.91 – 1.83 (m, 2H), 1.71 – 1.60 (m, 2H), 1.54 – 1.35 (m, 13H). 13C NMR (126 MHz,
CDCl3) δ 173.1, 157.6, 156.6, 155.3, 133.2, 129.1, 113.6, 79.6, 63.9, 55.0, 53.1, 52.0, 40.3, 32.1,
31.0, 30.7, 29.2, 28.1, 22.3. IR (neat, cm-1) 3344, 2949, 1699, 1612, 1512, 1455, 1365, 1245, 1169,
1033, 779. HRMS-ESI (m/z): calculated for C23H36N2O7 [M + Na]+: 475.2415; found 475.2417.

[Compound 4.4a]
methyl N6-((3-(4-methoxyphenyl)propoxy)carbonyl)-L-lysinate.

To the solution of the compound 4.4a (1.36g, 3 mmol, 1.0 eq.) in CH2Cl2 (10 mL, 0.3 M) at 0 ºC
was added an equal volume of CF3CO2H (10 mL) through a syringe, dropwise. The solution was
stirred at room temperature until the starting material on TLC disappeared (ca. 1-3 hrs). The
reaction mixture was saturated aqueous NaHCO3 (40 mL) and extracted three times with CH2Cl2
(3 x 50 mL). The combined organic layers were washed with brine, dried over MgSO4, filtered,
and concentrated in vacuo. The crude mixture was then purified via column chromatography
(CH2Cl2/MeOH 10:1 with 2% NEt3) to give white solid as the desired product (804 mg, 76%
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yield). 1H NMR (500 MHz, CDCl3) δ 7.07 (d, J = 8.6 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 4.93 (br
s, 1H), 4.25 (br s, 2H), 4.03 (t, J = 6.6 Hz, 2H), 3.76 (s, 3H), 3.71 (s, 3H), 3.64 – 3.56 (m, 1H),
3.14 (q, J = 6.3 Hz, 2H), 2.59 (t, J = 7.8 Hz, 2H), 1.96 – 1.83 (m, 2H), 1.82 – 1.60 (m, 2H), 1.58 –
1.36 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 174.6, 157.7, 156.7, 133.3, 129.2, 113.7, 64.0, 55.1,
53.7, 52.2, 40.4, 33.1, 31.1, 30.8, 29.4, 22.4. IR (neat, cm-1) 3361, 2945, 1698, 1611, 1511, 1440,
1240, 1175, 1136, 1031, 813, 733, 698. HRMS-ESI (m/z): calculated for C18H28N2O5 [M + H]+:
353.2071; found 353.2085.

[Compound 4.5]
4-((tert-butyldimethylsilyl)oxy)butyl (3-(2,4-dimethoxyphenyl)propyl) carbonate.

Prepared according to GP-1 using 3-(2,4-dimethoxyphenyl)propan-1-ol (1.96 g, 10 mmol, 1.0 eq.)
and 4-((tert-butyldimethylsilyl)oxy)butan-1-ol (3.07 g, 15 mmol, 1.5 eq.). The product 2.26 g (53%
yield) as a colorless oil was obtained after column chromatography (eluent: Hexane/EtOAc 4:1).
1

H NMR (500 MHz, CDCl3) δ 6.99 (d, J = 8.2 Hz, 1H), 6.44 – 6.34 (m, 2H), 4.16 (t, J = 6.7 Hz,

2H), 4.13 (t, J = 6.5 Hz, 2H), 3.77 (s, 3H), 3.76 (s, 3H), 3.62 (t, J = 6.2 Hz, 2H), 2.62 (t, J = 7.4
Hz, 2H), 1.97 – 1.84 (m, 2H), 1.74 (tt, J = 6.7, 6.1 Hz, 2H), 1.66 – 1.54 (m, 2H), 0.89 (s, 9H), 0.04
(s, 6H). 13C NMR (126 MHz, CDCl3) δ 159.2, 158.2, 155.2, 129.9, 121.6, 103.6, 98.3, 67.6, 67.4,
62.3, 55.1, 55.0, 28.8, 28.7, 25.8, 25.7, 25.2, 18.1, -5.5. IR (neat, cm-1) 2952, 2929, 2856, 1742,
1613, 1587, 1506, 1463, 1401, 1251, 1207, 1155, 1094, 1036, 832, 773, 661. HRMS-ESI (m/z):
calculated for C22H38O6Si [M + Na]+: 449.2330; found 449.2341.
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[Compound 4.6]
3-(2,4-dimethoxyphenyl)propyl (4-hydroxybutyl) carbonate.

Method 1: TBDMS deprotection (Scheme 4.9).
To a solution of compound 4.5 (2.13 g, 5 mmol, 1.0 eq.) in dry THF (25 mL, 0.2 M) was added
TBAF (1.0 M in THF, 10 mL, 10 mmol, 2 eq.) dropwise at 0 ºC under argon atmosphere. The
reaction mixture was allowed to stir at room temperature until complete by TLC (ca. 30 minutes2 hours). After 30 minutes, the reaction was quenched with saturated NH4Cl (15 mL). The aqueous
layer was then extracted with EtOAc (3 x 20 mL). The combined organic layers were then dried
with MgSO4 and concentrated in vacuo. The resulting oil was then purified via column
chromatography (eluent: Hexane/EtOAc 4:1) to give a colorless oil as the desired product (577
mg, 37% yield).

Method 2: Electrooxidative C-H activation of compound 4.5 (Table 4.2, entry 2).
The reaction was carried out following the method 2 in GP-2 using compound 4.5 (427 mg, 1.0
mmol, 1.0 eq.), LiClO4 (213 mg, 2.0 mmol, 0.1 M), and a 9:1 mixture of CH3CN/H2O (20 mL,
0.05 M). The electrolysis reaction was carried out at 20 mA until 4.0 F/mole of charge had been
passed using platinum as both anode and cathode (Table 4.2, entry 2). The crude product was
purified by column chromatography (eluent: Hexane/EtOAc 4:1) to give a colorless oil as the
desired product (197 mg, 63% yield).
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1

H NMR (500 MHz, CDCl3) δ 7.00 (d, J = 8.2 Hz, 1H), 6.47 – 6.35 (m, 2H), 4.15 (t, J = 6.6 Hz,

2H), 4.12 (t, J = 6.7 Hz, 2H), 3.77 (s, 3H), 3.76 (s, 3H), 3.64 (t, J = 6.4 Hz, 2H), 2.64 (t, J = 7.2
Hz, 2H), 2.45 (br s, 1H), 1.92 (tt, J = 7.2, 6.7 Hz, 2H), 1.81 – 1.71 (m, 2H), 1.68 – 1.59 (m, 2H).
13

C NMR (126 MHz, CDCl3) δ 159.1, 158.1, 155.2, 129.9, 121.5, 103.6, 98.3, 67.5, 67.5, 61.8,

55.1, 55.0, 28.6, 28.6, 25.6, 25.0. IR (neat, cm-1) 3055, 2960, 1741, 1613, 1507, 1263, 1208, 1156,
1036, 730, 702. HRMS-ESI (m/z): calculated for C16H24O6 [M + Na]+: 335.1465; found 335.1476.

[Compound 4.5a]
4-((tert-butyldimethylsilyl)oxy)butyl (3-(2,4-dimethoxyphenyl)-3-oxopropyl) carbonate.

Method 1: Electrooxidative C-H activation of compound 4.5 followed GP-4 (Table 4.2, entry 4).
The reaction was carried out following GP-4 using compound 4.5 (427 mg, 1.0 mmol, 1.0 eq.), 2(4-bromophenyl)-1-methyl-4,5-diphenyl-1H-imidazole (0.039 g, 0.1 mmol, 10 mol%), 2,6lutidine (0.58 mL, 5 mmol, 5 eq.), LiClO4 (638 mg, 6.0 mmol, 0.2 M), and a 4:1:0.5 mixture of
CH3CN/CH2Cl2/H2O (30 mL, 0.033 M). The electrolysis reaction was carried out at 8 mA until
4.0 F/mole of charge had been passed using RVC as anode and graphite as cathode (Table 4.2,
entry 4). The crude product was purified by column chromatography (eluent: Hexane/EtOAc 4:1)
to give a colorless oil as the desired product (53 mg, 12% yield).

Method 2: Electrooxidative C-H activation of compound 4.5 followed GP-5 (Table 4.2, entry 5).
The reaction was carried out following GP-5 using compound 4.5 (427 mg, 1.0 mmol, 1.0 eq.),
pyridine (162 μL, 2.0 mmol, 2 eq.), Cl4NHPI (60 mg, 0.2 mmol, 0.2 eq.), 70% aqueous tert-butyl
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hydroperoxide (205 μL, 1.5 mmol, 1.5 eq.), LiClO4 (64 mg, 0.6 mmol, 0.1 M), and acetone (6
mL/mmol substrate, 6 mL). The electrolysis reaction was carried out at 10 mA until 4.0 F/mole of
charge had been passed using RVC as both anode and cathode (Table 4.2, entry 5). The crude
product was purified by column chromatography (eluent: Hexane/EtOAc 4:1) to give a colorless
oil as the desired product (79 mg, 18% yield).

1

H NMR (500 MHz, CDCl3) δ 7.86 (d, J = 8.8 Hz, 1H), 6.53 (dd, J = 8.8, 2.2 Hz, 1H), 6.45 (d, J

= 2.2 Hz, 1H), 4.53 (t, J = 6.6 Hz, 2H), 4.15 (t, J = 6.7 Hz, 2H), 3.89 (s, 3H), 3.86 (s, 3H), 3.63 (t,
J = 6.2 Hz, 2H), 3.35 (t, J = 6.6 Hz, 2H), 1.78 – 1.68 (m, 2H), 1.63 – 1.53 (m, 2H), 0.88 (s, 9H),
0.04 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 196.0, 164.8, 161.0, 155.2, 132.9, 120.3, 105.3, 98.2,
67.9, 63.5, 62.5, 55.5, 55.4, 42.5, 28.9, 25.9, 25.3, 18.3, -5.4. IR (neat, cm-1) 2927, 1742, 1661,
1601, 1501, 1464, 1419, 1256, 1211, 1162, 1128, 1027, 835, 731. HRMS-ESI (m/z): calculated
for C22H36O7Si [M + Na]+: 463.2123; found 463.2130.

[Compound 4.7]
3-(2,4-dimethoxyphenyl)propyl (3-(4-methoxyphenyl)propyl) carbonate.

Prepared according to GP-1 using 3-(4-methoxyphenyl)propan-1-ol (1.66 g, 10 mmol, 1.0 eq.) and
3-(2,4-dimethoxyphenyl)propan-1-ol (1.96 g, 10 mmol, 1.0 eq.). The product 1.17 g (30% yield)
as a colorless oil was obtained after column chromatography (eluent: Hexane/EtOAc 4:1). 1H
NMR (500 MHz, CDCl3) δ 7.10 (d, J = 8.6 Hz, 2H), 7.02 (d, J = 8.2 Hz, 1H), 6.83 (d, J = 8.6 Hz,
2H), 6.44 (d, J = 2.2 Hz, 1H), 6.41 (dd, J = 8.2, 2.2 Hz, 1H), 4.13 (t, J = 6.5 Hz, 4H), 3.78 (br s,
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9H), 2.71 – 2.57 (m, 4H), 2.01 – 1.88 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 159.3, 158.3, 157.9,
155.3, 133.0, 130.1, 129.3, 121.7, 113.8, 103.8, 98.5, 67.7, 67.1, 55.3, 55.2, 55.2, 31.0, 30.5, 28.8,
25.8. IR (neat, cm-1) 2954, 2936, 2835, 1739, 1612, 1586, 1507, 1455, 1400, 1240,
1206,1177,1154, 1129, 1033, 935, 900, 831, 789, 700. HRMS-ESI (m/z): calculated for C22H28O6
[M + Na]+: 411.1778; found 411.1785.

Electrooxidative C-H activation of compound 4.7 followed GP-5, generating compound 4.7a
and 4.7b (Table 4.3, entry 3). The reaction was carried out following GP-5 using compound 4.7
(388 mg, 1.0 mmol, 1.0 eq.), pyridine (162 μL, 2.0 mmol, 2 eq.), Cl4NHPI (60 mg, 0.2 mmol, 0.2
eq.), 70% aqueous tert-butyl hydroperoxide (205 μL, 1.5 mmol, 1.5 eq.), LiClO4 (64 mg, 0.6 mmol,
0.1 M), and acetone (6 mL/mmol substrate, 6 mL). The electrolysis reaction was carried out at 10
mA until 4.0 F/mole of charge had been passed using RVC as both anode and cathode (Table 4.3,
entry 3). The crude product was purified by column chromatography (eluent: Hexane/EtOAc 4:1)
to give 185 mg (46% yield) of compound 4.7a as a white solid along with 42 mg (10% yield) of
compound 4.7b as a white solid.

[Compound 4.7a]
3-(2,4-dimethoxyphenyl)-3-oxopropyl (3-(4-methoxyphenyl)propyl) carbonate.

1

H NMR (500 MHz, CDCl3) δ 7.87 (d, J = 8.8 Hz, 1H), 7.09 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6

Hz, 2H), 6.54 (dd, J = 8.8, 2.3 Hz, 1H), 6.45 (d, J = 2.3 Hz, 1H), 4.54 (t, J = 6.6 Hz, 2H), 4.14 (t,
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J = 6.5 Hz, 2H), 3.89 (s, 3H), 3.86 (s, 3H), 3.78 (s, 3H), 3.36 (t, J = 6.6 Hz, 2H), 2.66 – 2.62 (t, J
= 7.8 Hz, 2H), 1.99 – 1.93 (m, 2H).

13

C NMR (126 MHz, CDCl3) δ 196.0, 164.8, 161.1, 157.9,

155.2, 133.1, 132.9, 129.3, 120.3, 113.8, 105.3, 98.3, 67.2, 63.6, 55.5, 55.5, 55.2, 42.6, 31.0, 30.5.
IR (neat, cm-1) 3055, 2937, 1740, 1662, 1587, 1511, 1461, 1418, 1241, 1210, 1161, 1127, 1025,
831, 789. HRMS-ESI (m/z): calculated for C22H26O7 [M + Na]+: 425.1571; found 425.1586.

[Compound 4.7b]
3-(2,4-dimethoxyphenyl)-3-oxopropyl (3-(4-methoxyphenyl)-3-oxopropyl) carbonate.

1

H NMR (500 MHz, CDCl3) δ 7.92 (d, J = 8.9 Hz, 2H), 7.85 (d, J = 8.7 Hz, 1H), 6.93 (d, J = 8.9

Hz, 2H), 6.52 (dd, J = 8.7, 2.2 Hz, 1H), 6.44 (d, J = 2.2 Hz, 1H), 4.57 (t, J = 6.6 Hz, 2H), 4.54 (t,
J = 6.6 Hz, 2H), 3.89 (s, 3H), 3.87 (s, 3H), 3.85 (s, 3H), 3.34 (t, J = 6.6 Hz, 2H), 3.31 (t, J = 6.6
Hz, 2H).

13

C NMR (126 MHz, CDCl3) δ 196.0, 195.1, 164.8, 163.7, 161.1, 155.0, 132.9, 130.3,

129.7, 120.3, 113.8, 105.3, 98.2, 63.7, 63.2, 55.5, 55.5, 55.5, 42.5, 37.0. IR (neat, cm-1) 2965, 2840,
1742, 1668, 1598, 1574, 1510, 1461, 1250, 1214, 1078, 833, 790. HRMS-ESI (m/z): calculated
for C22H24O8 [M + Na]+: 439.1363; found 439.1371.

[Compound 4.7c]
3-(5-bromo-2,4-dimethoxyphenyl)propyl (3-(4-methoxyphenyl)propyl) carbonate.
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Electrooxidative C-H activation of compound 4.7 followed GP-6 (Table 4.3, entry 4). The reaction
was carried out following GP-6 using compound 4.7 (388 mg, 1.0 mmol, 1.0 eq.), sodium bromide
(0.41 g, 4.0 mmol, 4.0 eq.), and a 1:1 mixture of CH2Cl2/NaHCO3 (10 mL/mmol substrate). As
mentioned earlier, the addition of TEMPO (16 mg, 0.1 mmol, 10 mol%) did not affect the
bromination reaction. The electrolysis reaction was carried out at 8 mA until 4.0 F/mole of charge
had been passed using platinum as both anode and cathode (Table 4.3, entry 4). The crude product
was purified by column chromatography (eluent: Hexane/EtOAc 4:1) to give 411 mg (88% yield)
of compound 4.7c as a tan oil. 1H NMR (500 MHz, CDCl3) δ 7.26 (s, 1H), 7.11 (d, J = 8.3 Hz,
2H), 6.83 (d, J = 8.3 Hz, 2H), 6.45 (s, 1H), 4.14 (t, J = 6.2 Hz, 4H), 3.88 (s, 3H), 3.82 (s, 3H), 3.78
(s, 3H), 2.66 (t, J = 7.5 Hz, 2H), 2.62 (t, J = 7.5 Hz, 2H), 2.02 – 1.95 (m, 2H), 1.95 – 1.87 (m, 2H).
13

C NMR (126 MHz, CDCl3) δ 157.9, 157.6, 155.3, 155.0, 133.5, 133.0, 129.3, 123.1, 113.8, 101.4,

96.6, 67.4, 67.1, 56.4, 55.6, 55.2, 31.0, 30.5, 28.7, 25.6. IR (neat, cm-1) 2955, 2938, 2837, 1739,
1602, 1501, 1462, 1384, 1242, 1207, 1030, 812. HRMS-ESI (m/z): calculated for C22H27BrO6 [M
+ Na]+: 489.0883; found 489.0901. Elemental analysis: calculated for C22H27BrO6•H2O: C, 54.44;
H, 6.02; Br, 16.46; O, 23.07% was found C, 54.62; H, 5.50; N < 0.05; Br, 17.41%.

[Compound 4.8]
3-(4-methoxyphenyl)propyl (3-phenylpropyl) carbonate.

Prepared according to GP-1 using 3-(4-methoxyphenyl)propan-1-ol (1.66 g, 10 mmol, 1.0 eq.) and
3-phenylpropan-1-ol (2.04 g, 15 mmol, 1.5 eq.). The product 2.46 g (75% yield) as white solid
was obtained after column chromatography (eluent: Hexane/EtOAc 4:1). 1H NMR (500 MHz,
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CDCl3) δ 7.30 – 7.18 (m, 5H), 7.09 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 4.13 (t, J = 6.0
Hz, 4H), 3.75 (s, 3H), 2.70 (t, J = 7.7 Hz, 2H), 2.64 (t, J = 7.6 Hz, 2H), 2.05 – 1.91 (m, 4H). 13C
NMR (126 MHz, CDCl3) δ 157.8, 155.2, 140.9, 132.9, 129.2, 128.3, 128.3, 125.9, 113.8, 67.1,
67.1, 55.1, 31.8, 30.9, 30.4, 30.1. IR (neat, cm-1) 2984, 1740, 1612, 1513, 1454, 1402, 1264, 1247,
1214, 1178, 1034, 1013, 955, 744, 701, 667. HRMS-ESI (m/z): calculated for C20H24O4 [M + Na]+:
351.1567; found 351.1571.

Electrooxidative C-H activation of compound 4.8 followed GP-6, generating bromination
product and ketone product (Table 4.5, entry 2). The reaction was carried out following GP-6
using compound 4.8 (328 mg, 1.0 mmol, 1.0 eq.), sodium bromide (0.41 g, 4.0 mmol, 4.0 eq.), and
a 1:1 mixture of CH2Cl2/NaHCO3 (10 mL/mmol substrate). The electrolysis reaction was carried
out at 8 mA until 4.0 F/mole of charge had been passed using platinum as both anode and cathode
(Table 4.5, entry 2). The crude product was purified by column chromatography (eluent:
Hexane/EtOAc 4:1) to give 49 mg (12% yield) of bromination product, 3-(3-bromo-4methoxyphenyl)propyl (3-phenylpropyl) carbonate, as a tan oil along with 24 mg (7% yield) of
ketone product, 3-(4-methoxyphenyl)-3-oxopropyl (3-phenylpropyl) carbonate, as a white solid.

3-(3-bromo-4-methoxyphenyl)propyl (3-phenylpropyl) carbonate.

1

H NMR (500 MHz, CDCl3) δ 7.38 (d, J = 2.2 Hz, 1H), 7.32 – 7.26 (m, 2H), 7.23 – 7.14 (m, 3H),

7.08 (dd, J = 8.4, 2.2 Hz, 1H), 6.82 (d, J = 8.4 Hz, 1H), 4.17 (t, J = 6.5 Hz, 2H), 4.13 (t, J = 6.5
Hz, 2H), 3.86 (s, 3H), 2.74 (t, J = 7.7 Hz, 2H), 2.64 (t, J = 7.7 Hz, 2H), 2.07 – 1.92 (m, 4H). 13C
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NMR (126 MHz, CDCl3) δ 155.2, 154.2, 141.0, 134.6, 133.1, 128.4, 128.4, 128.3, 126.0, 112.0,
111.5, 67.3, 67.0, 56.2, 31.9, 30.7, 30.3, 30.2. HRMS-ESI (m/z): calculated for C20H23BrO4 [M +
Na]+: 429.0672; found 429.0681.

3-(4-methoxyphenyl)-3-oxopropyl (3-phenylpropyl) carbonate.

The product was isolated by short column chromatography (eluent: Hexane/EtOAc 4:1) as
colorless oil in 7.0 % yield. 1H NMR (500 MHz, CDCl3) δ 7.96 (d, J = 8.9 Hz, 2H), 7.32 – 7.18
(m, 5H), 6.96 (d, J = 8.9 Hz, 2H), 4.60 (t, J = 6.5 Hz, 2H), 4.17 (t, J = 6.5 Hz, 2H), 3.88 (s, 3H),
3.34 (t, J = 6.5 Hz, 2H), 2.72 (t, J = 6.5 Hz, 2H), 2.05 – 1.95 (m, 2H). 13C NMR (126 MHz, CDCl3)
δ 195.0, 163.7, 155.1, 140.9, 130.3, 128.4, 128.4, 128.3, 126.0, 113.8, 67.3, 63.1, 55.5, 37.0, 31.9,
30.2. HRMS-ESI (m/z): calculated for C20H22O5 [M + Na]+: 365.1359; found 365.1363.

[Compound 4.9]
bis(3-phenylpropyl) carbonate.

Prepared according to GP-1 using 3-phenylpropan-1-ol (1.36 g, 10 mmol, 1.0 eq.) with
(Cl3CO)2CO (1.12g, 4 mmol, 0.4 eq.) in the presence of pyridine (1.2 mL, 15 mmol, 1.5 eq.),
affording the corresponding carbamoyl chloride. Following the activation step, the crude product
was carried forward without isolation. The crude material was then treated with and 3phenylpropan-1-ol (2.04 g, 15 mmol, 1.5 eq.). The product 2.27 g (76% yield) as white solid was
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obtained after column chromatography (eluent: Hexane/EtOAc 4:1). Spectra matched the
literature.41-42 1H NMR (500 MHz, CDCl3) δ 7.35 – 7.28 (m, 4H), 7.23 – 7.17 (m, 6H), 4.17 (t, J
= 6.4 Hz, 4H), 2.73 (t, J = 7.4 Hz, 4H), 2.10 – 1.96 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 155.3,
141.0, 128.5, 128.4, 126.1, 67.2, 31.9, 30.3.

3-oxo-3-phenylpropyl (3-phenylpropyl) carbonate.

Electrooxidative C-H activation of compound 4.9 followed GP-6, generating ketone product
(Table 4.5, entry 3). The reaction was carried out following GP-6 using compound 4.9 (1.49 g, 5.0
mmol, 1.0 eq.), sodium bromide (2.06 g, 20.0 mmol, 4.0 eq.), and a 1:1 mixture of
CH2Cl2/NaHCO3 (10 mL/mmol substrate, 50 mL). The electrolysis reaction was carried out at 8
mA until 4.0 F/mole of charge had been passed using platinum as both anode and cathode (Table
4.5, entry 3). The crude product was purified by column chromatography (eluent: Hexane/EtOAc
4:1) to give 16 mg (1% yield) of ketone product, 3-oxo-3-phenylpropyl (3-phenylpropyl)
carbonate, as a white solid. 1H NMR (500 MHz, CDCl3) δ 7.96 (d, J = 7.1 Hz, 2H), 7.59 – 7.48
(m, 3H), 7.31 – 7.19 (m, 5H), 4.60 (t, J = 6.5 Hz, 2H), 4.16 (t, J = 6.5 Hz, 2H), 3.38 (t, J = 6.5 Hz,
2H), 2.71 (t, J = 6.8 Hz, 2H), 2.03 – 1.96 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 196.6, 155.1,
140.9, 136.5, 133.5, 128.7, 128.4, 128.4, 128.1, 126.0, 67.4, 62.9, 37.3, 31.9, 30.2. IR (neat, cm-1)
3053, 2986, 2305, 1745, 1687, 1421, 1264, 896, 730, 702. HRMS-ESI (m/z): calculated for
C19H20O4 [M + Na]+: 335.1254; found 335.1260.
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Chapter 5: Olefin oxidation strategy

5.1

Introduction
The work outlined in Chapter 3 of this thesis taught me that the benzylic alcohol oxidative

cleavage strategy’s protecting groups were overly acid sensitive. I then set out to investigate the
elimination approach discussed in Chapter 4. However, the radical cation intermediate generated
on the electron-rich aryl rings was too stable and survived long enough to undergo the bromination
reaction. After coming to the realization that the initial plan to have a family of oxidatively
cleavable aryl-based protecting groups was not going to be a productive one, I turned my attention
to identify new oxidative array reactions that can be confined nicely with the goal of re-purposing
them for parallel synthesis efforts. Ideally, such oxidation reactions would serve to complement
other methods being developed for the diversification of molecules on an array.
Olefin functionalization, especially vicinal difunctionalization has been extensively
studied and applied in chemical syntheses.1-3 Over the last decade, scientists have started to employ
electrochemical methods as a sustainable approach to accomplish the reactions. The methods
include the electrochemical epoxidation,4 dihydrogenation,5-8 aminohydroxylation,9 diazidation,1011

dichlorination,12 oxysulfenylation, and aminosulfenylation13 reactions. All appear to be

excellent candidates for the development of new array-based methods. In this chapter, I will
highlight the dihydroxylation reaction and its use on a microelectrode array.
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5.1.1 Chemical asymmetric dihydroxylation
In the 1930s, the group of Dr. Criegee employed stoichiometric amounts of osmium
tetroxide (OsO4) to oxidize olefins, kicking off a powerful method that led to the asymmetric
dihydroxylation (AD) reaction.14-15 In these early reactions, a stoichiometric amount of high
toxicity OsO4 was used in a manner that is now known to be both unsafe and uneconomical. A
number of celebrated chemists subsequently optimized and extended the utility of the AD reaction
via the addition of co-oxidants to regenerate a catalytic amount of Os(VIII), the use of chiral
ligands to introduce enantiomeric excesses (ee) into the reactions, and the screening of more
efficient reaction conditions. By 1992, the successful launch of premixed enantioselective osmium
catalysts named “AD-mix” overshadowed the traditional dihydroxylation approaches and further
enhanced the reaction’s generality.16-17 Four key discoveries have dramatically increased both the
yield and enantioselectivity of the asymmetric dihydroxylation. First, relatively inexpensive and
non-toxic co-oxidants have been employed to re-oxidize the osmium(VI) back to osmium(VIII).
For example, N-methylmorpholine N-oxide (NMO) discovered by Dr. Sharpelss,16,

18-22

and

potassium ferrocyanide (K3Fe(CN)6) in the presence of K2CO3 discovered by Dr. Tsuji23 have
exhibited efficient osmium catalyst regeneration. Second, the Sharpless Group has successfully
optimized the dihydroxylation reaction in an enantioselective manner by using K3Fe(CN)6 as cooxidant under biphasic conditions.24 Third, the addition of the phase-transfer catalyst
methanesulfonamide (MeSO2NH2) can accelerate catalytic turnovers in the biphasic system via
facilitating a rapid hydrolysis of osmium (VI)-ester to diol product.16-17, 25 Lastly, the choice of
ligand is the main influence on the enantioselectivity of dihydroxylation reactions, such that one
can generate a desired enantiomer based on choice of commercially available AD-mix used.21, 26
Based on this previous research, one can purchase commercially available ready-to-use AD-mixes
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can easily test the reactions to see if they can be used to solve a problem of interest. In this chapter,
we take advantage of that opportunity to explore site-selective dihydroxylation reactions an arrays.
The reaction conditions used follow the Dr. Sharpless standard procedures16, 21 and then optimize
conditions for the electrochemical variant of the reactions. The standard AD procedure employs
1.4 g of AD-mix per millimole of olefin. This 1.4 g of AD-mix contains the following amounts of
reagents: 1.46 mg (0.004 mmol) of K2OsO2(OH)4, 7.73 mg (0.01 mmol) of (DHQ)2PHAL or
(DHQD)2PHAL, 980 mg (3 mmol) of K3Fe(CN)6, and 411 mg (3 mmol) of K2CO3. The
mechanism proposed by Dr. Sharpless under these reaction condition is shown in Scheme 5.1.5, 21,
24, 27-28

Notable for my work with the AD-mixes, the reactions are two phase systems. The

K2OsO2(OH)4, K3Fe(CN)6, and K2CO3 present in the AD-mixes are only soluble in the aqueous
phase. Therefore, the oxidation of K2OsO2(OH)4 to generate Os(VIII), as well as the K3Fe(CN)6

Scheme 5.1. Proposed mechanism of chemical AD reaction from Dr. Sharpless.21
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catalytic cycle, occurs in the aqueous phase. The neutral Os(VIII)O4 active catalyst then enters the
organic phase, complexes with the chiral ligand, and then the complex reacts with olefin to
generate osmium (VI)-ester. The osmate ester undergoes a hydrolysis reaction at the phase
interface to regenerate K2OsO2(OH)4 in the aqueous phase to finish the catalytic cycle. To move
such a reaction to an array, the process must be driven by an electrolysis reaction.

5.1.2 Electrochemical asymmetric dihydroxylation
Compared to the chemical asymmetric dihydroxylation, typical electrochemical
asymmetric dihydroxylation reactions provide an alternative method that allows one to use
catalytic amounts of the co-oxidant. Dr. Amundson and Dr. Balko reported the anodic regeneration
of the [Fe(CN6)]3- cooxidant that in turn allowed the osmium reagent to be used catalytically. The
reactions used hydroquinidine 4-chlorobenzoate as the chiral ligand. They showed that the
electrochemical version of the Sharpless asymmetric dihydroxylation of stilbene could be
accomplished in a 60-70% yield and up to 99% ee (Scheme 5.2).5 It is worth to mention again that
this electrochemical osmium catalyzed dihydroxylation reaction was conducted under biphasic
reaction condition. Ferricyanide ion is soluble in a basic aqueous solution and the ligand is soluble
in the organic phase. Therefore, vigorous stirring was required to ensure adequate mixing of the
layers.
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Scheme 5.3. Electrochemical AD reaction from Dr. Amundson and Dr. Balko.
Later, Dr. Torii reported a similar system for dihydroxylation reaction with the
(DHQD)PHAL-osmium complex through recycling co-oxidant K3Fe(CN)6 or iodine (I2) by anodic
oxidation (Scheme 5.3).6-7 Dr. Torii procedures reduced the amount of the co-oxidant needed and
obtained the desired diol with over 90% yield and very high ee values. Using I2 as the co-oxidant,
di- and tri-substituted olefins bearing alkyl and aryl groups could also be used as substrates for the
asymmetric dihydroxylation.

Scheme 5.2. Electrochemical asymmetric dihydroxylation from Dr. Torii.
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In 2015, Moeller group successfully employed a photovoltaic apparatus and sunlight as the
source of energy for the electrochemical hydroxylation of styrene achieving 92% yield and 94%
ee value (Scheme 5.4).8 For comparison, the yield shown in Scheme 5.3 of the dihydroxylation of
styrene using traditional electrolysis setup was 95% yield and a 97% ee.6 The work demonstrated
that the method was robust enough to tolerate even a simple solar-electrochemical cell as power
source and a unstable power source to generate highly reproducible electrochemical reactions. The
point was to illustrate the compatibility of a series of electrochemical reactions with almost any
method for passing current through a cell and hence almost any available power supply. It would
appear that a reaction this robust would also be compatible with the conditions required on a
microelectrode array.

Scheme 5.4. Electrochemical asymmetric dihydroxylation from Dr. Moeller.

The key to conducting syntheses on the arrays is to recognize that site-selective reactions
on the microelectrode array are standard chemical reactions where the electrochemistry is used to
locate the reactions on the array. Not surprisingly, this electrochemical dihydroxylation has been
examined for application on the microelectrode array (Scheme 5.5).29 The reaction condition
employed on the array reaction followed the paper from Dr. Torii group.6 The only difference was
using selected electrodes (an “Os” pattern) on an array to recycle Fe(III) and then regenerate
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Os(VIII) oxidant where it was needed. Styrene was used as confining agent to consume excess
Os(VIII) oxidant before it migrated to nearby electrodes. After the dihydroxylation step, the chip
was then subject to an acid-catalyzed diol exchange reaction with pyrene-borate ester at all of the
electrodes on the array to place the pyrene on the surface where diols had formed. The resulting
image (Scheme 5.5) indicates that the diol exchange reaction only occurred at the previously
underwent dihydroxylation electrodes in the “Os” pattern. This verified that Moeller group could
selectively conduct dihydroxylation reactions on an array, although the reaction was not optimized
in terms of the conversion obtained, something that would require lengthening the reaction time
for the transformation.

Scheme 5.5. Dihydroxylation reaction on microelectrode array from Dr. Moeller Group.29

5.1.3 Hypothesis
We believe that with optimization the dihydroxylation reaction can be used for several
applications towards parallel library synthesis on microelectrode arrays. Although successful in
generating site-selective labeling with pyrene, the Scheme 5.5 image is rather faint. Thus the first
part of my hypothesis in this chapter is that switching from the agarose surface used in Scheme
5.5 to the modern diblock copolymer can provide a more stable matrix for the dihydroxylation and
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subsequent synthetic transformations, leading to a higher conversions on the surface of the array.
As mentioned in Chapter 1, the agarose surface used for the chemistry illustrated in Scheme 5.5 is
now mainly used as practice polymer for arrays coating because it is not stable to the reaction
conditions and begins to delaminate from the array with increasing reaction times. The diblock
copolymer surface discussed in Chapter 2 is more stable to organic reaction conditions.30 In
addition to a more stable array coating, a new strategy is needed to further capitalize
dihydroxylation reactions on the array and then re-purpose it for array-based parallel synthesis
strategy. This is viewed as important because we have successfully employed acid, base, Pd(0),
and hydrogenation reactions to site-selectively cleave Boc,31-32 Fmoc,33 Alloc,34 and Cbz35 groups
on the arrays. The dihydroxylation reaction of olefins by Os(VIII) is orthogonal to all of these
reactions minus the hydrogenation. However, Cbz groups can be removed with Lewis acids, so a

Scheme 5.6. Olefin as the site for diversification reaction.
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protecting group that could be removed with a dihydroxylation reaction would appear orthogonal
to each of the protecting groups developed to date as well as those currently under development in
the group. Ultimately, two strategies for its use are being pursued. One is as a protecting group
that can be removed from an amine or alcohol so the heteroatom can be used as a site of
diversification. The other is as a protecting group that can be used in connection with a safetycatch linker strategy to characterize molecules synthesized on an array.36 This second use is
critically important because it would enable the use of the other groups for the construction of
libraries on the array. As an example, consider the chemistry illustrated in Scheme 5.6. Here,
deprotection of the protecting group PG1 would allow for a coupling reaction at the N-terminus of
the amino acid. The dihydroxylation reaction would then afford a diol where one of the oxygens
could serve as a nucleophile to remove the molecule from the array. This would result in recovery
of the molecule for characterization by LC/MS or other mass spectrometry techniques. The method
is important because an electrode that records a signal from a molecule on the surface of the
electrode can then be used to recover that molecule, a scenario that ensures the fidelity between
the signaling and characterization experiments.

5.2

Results and Discussions

5.2.1 Asymmetric dihydroxylation reaction
In order to familiarize myself with dihydroxylation protocols and reagent handling, I
initially repeated the Sharpless dihydroxylation condition mentioned above through following

Scheme 5.7. Reexamine chemical dihydroxylation reaction.
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current literature protocol.16, 36 The commercially available 4-phenylbutene in a 1:1 mixture of tBuOH/H2O was treated with 1.4 g/mmol of AD-mix-β catalyst to furnish 4-phenylbutane-1,2-diol
in 98% isolated yield (Scheme 5.7).
After success of the chemical dihydroxylation, my attention was turned toward learning
the electrochemical dihydroxylation reaction followed Dr. Torii6-7 and Dr. Moeller group
procedures (Table 5.1, entries 1-3).8 The preparative electrolysis reactions were conducted using
a RVC anode, a carbon cathode, an undivided cell, and a constant current of 25 mA until 2.5
F/mole of charge was passed. The reactions used 1.0 equivalent of 4-phenylbutene as starting
material and 3.0 equivalent of K2CO3 in a 1:1 mixture of t-BuOH/H2O electrolyte solution. The
reaction with 0.042 g/mmol of AD-mix-β only led to 13% yield (determined by NMR) of 4phenylbutane-1,2-diol (Table 5.1, entry1). Compared with the chemical dihydroxylation, the
catalytical amount of AD-mix catalyst in electrochemical dihydroxylation reactions were less
effective. To our delight, increasing the AD-mix-β from 0.042 g/mmol to 0.63 g/mmol improved
the desired product to 89% yield (determined by NMR) (Table 5.1, entries 1-3).

Table 5.1. Learning electrochemical AD reaction with 4-phenylbutene as starting material.
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Table 5.2. Screening reagent condition for electrochemical dihydroxylation.
As mentioned earlier, 1.4 g of AD-mix contains the following amounts of reagents: 1.46
mg (0.004 mmol) of K2OsO2(OH)4 as a nonvolatile OsO4 source, 7.73 mg (0.01 mmol) of
(DHQ)2PHAL or (DHQD)2PHAL as ligand, 980 mg (3 mmol) of K3Fe(CN)6 as co-oxidant, and
411 mg (3 mmol) of K2CO3 as base. When a catalytic amount of AD-mix was used, it means the
decrease of all reagent concentration in the commercially available premix. The low yield observed
in electrochemical dihydroxylation may be due to the insufficient reagents. For screening the
reaction conditions (Table 5.2), the experiments were all treated with 0.042 g/mmol of AD-mix-β
under the same electrolysis reaction condition shown above. Compared with the same reaction
condition utilizing 0.042 g/mmol of AD-mix-β reported above in Table 5.1, entry 1, the increase
addition of either K3Fe(CN)6 to 10 equivalent (Table 5.2, entry 1) or K2CO3 to 10 equivalent (Table
5.2, entry 2) had little effect on the yields of the desired product. The addition of 0.002 mole of
K2OsO2(OH)4 along with 0.042 g/mmol of AD-mix-β significantly increase the desired 4phenylbutane-1,2-diol to 27% yield (Table 5.2, entry 3). It is clear that the concentration of
K2OsO2(OH)4 played the expected role in dihydroxylation reaction.16-17 As mentioned earlier, all
array-based reactions use the electrodes themselves to generate the reagent or catalyst where that
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is needed. In other word, the reagent or catalyst generated at the desired electrode is over
stoichiometric amount. Attempts to optimize the reaction by reducing the constant current from 25
mA to 10 mA, resulting in 16% yield (determined by NMR) of desired 4-phenylbutane-1,2-diol,
had little effect on the yield. This was consistent with early findings from Dr. Sharpless that the
lower concentration of K2OsO2(OH)4 required longer reaction times.16-17
When the preparative electrolysis reactions were conducted using platinum as both anode
and cathode, mimicking array conditions, we could obtain the desired 4-phenylbutane-1,2-diol in
81% yield (determined by NMR) (Scheme 5.8). These reactions retained the undivided cell, a
constant current of 10 mA until 2.5 F/mole of charge was passed, 1.0 equivalent of 4-phenylbutene
as starting material, 0.42 g/mmol of AD-mix-β, and 3.0 equivalent of K2CO3 in a 1:1 mixture of tBuOH/H2O electrolyte solution. As mentioned in Chapter 1, the platinum electrodes in the array
are used as the working electrodes, and a remote Pt-electrode is used as the counter electrode in
all reactions run on the array. The reaction condition described in Scheme 5.8 was employed in all
the subsequent dihydroxylation reactions on the microelectrode arrays described in this Chapter.

Scheme 5.8. Electrochemical AD reaction.
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5.2.2 Utilizing olefin as site for diversification to aldehyde and boronate ester
With the electrochemical conditions to form the diol substrate in hand, I set out to diversify
the diol to other function groups. For example, olefin can undergo Lemieux-Johnson oxidation to
form aldehyde.37 This reaction proceeds through a diol intermediate. As shown in Scheme 5.9, 4phenylbutane-1,2-diol synthesized from previous dihydroxylation reaction was treated with
either PhI(OAc)237 or NaIO438-39 as the oxidants and afforded the desired 3-phenylpropanal
product in moderate yield. The new formed aldehyde can then further be converted to alcohol or
amine. In this way, an olefin can be used to mask aldehydes, alcohols, and amines by first
converting to the diol then oxidative cleavage to the aldehyde.

Scheme 5.9. Oxidative cleavage of diol to form aldehyde.
As shown in Scheme 5.5, the diol can further undergo diol-exchange reaction with boronic
acid to form boronate ester.29 To mimic the array-based diol-exchange reaction, 4-phenylbutane1,2-diol was treated with commercially available pyrene-1-boronic acid, and two equivalents of
MgSO4 as water scavenger (Scheme 5.10).40 The desired boronic ester product was isolated in
95% yield.

Scheme 5.10. Preparation of boronic ester from diol.
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5.2.3 Kenner safety group approach
With

the

success

of

preparative

dihydroxylation

reactions

and

subsequent

aldehyde/boronic ester formation, I moved on to capitalize on the Kenner’s safety-catch linker
method for recovering molecules located on the array surface.32, 41 My strategy is shown in Scheme
5.11. In this approach, latent functionality (an alcohol) in a linker is masked by an olefin. Once
unmasked, the diol can react with an adjacent ester, forming a lactone and cleaving the substrate
from the microelectrode array surface. In this approach the core scaffold bearing an olefin linker
is tethered to the solid support with the use of Cu(I)-catalyzed aryl bromide and alcohol coupling
reaction.42 When synthetic transformations on the core scaffold are complete, the olefin
functionality in the linker is unmasked using osmium-catalyzed dihydroxylation reaction that is
orthogonal to the methods used to modify the scaffold. The newly generated vicinal diol from
olefin reacts with the ester that attaches the linker to the solid support to form 3-amino-5hydroxymethyl-γ-lactone, a transformation that cleaves the linker and the target molecule from the
solid support.43 In this strategy, it would permit us to fully characterize molecules on the array and
the olefin can also be treated as a protecting group to masked alcohol group.

Scheme 5.11. Safety-catch strategy.
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With a strategy in place, I designed the proof-of-principle safety-catch cyclization
illustrated in Scheme 5.12. To this end, compound 5.1 with an allyl group and compound 5.2 with
a but-3-en-1-yl group were synthesized through a standard coupling procedure in 74% and 77%
yield.44 First, the commercially available 3-phenyl-1-propanol was treated with triphosgene and
pyridine to furnish chloroformate. Then, introducing either allyl alcohol or 3-buten-1-ol as
nucleophile formed the carbonate.

Scheme 5.12. Initial Studies of safety-catch linker.
With the substrates in hand, I set out to investigate the cyclization (Scheme 5.12). The
substrates were individually treated with 1.4 g/mmol of AD-mix-β. Compound 5.1 with an allyl
group lead to release 3-phenyl-1-propanol in a 95% yield. This resulted from the formation of the
kinetically favorable five-membered cyclic carbonate from the vicinal diol. None of 4(hydroxymethyl)-1,3-dioxolan-2-one was observed, suggesting the cyclic carbonate formation
may not stable under the reaction condition. When compound 5.2 with a but-3-en-1-yl group was
tested, the reaction stopped after the dihydroxylation step and led to 91% yield of 3,4dihydroxybutyl (3-phenylpropyl) carbonate. This scenario is consistent with early findings from
the Moeller group that five-membered ring formation is more rapid than six-membered ring.45-46
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Based on my results in scheme 5.12, the cleavage reaction was designed to form a five-membered
ring.
Further search into the literature revealed the diol generated from the cis-hydroxylation of
L-allylglycine can be easily cyclized to form 3-amino-5-hydroxymethyl-γ-lactones 5.3.
Compound 5.3 has been tried as precursor for the total synthesis of clavalanine,47 a clavam
antibiotic for an antimetabolite of O-succinylhomoserine and intervention in methionine
biosynthesis.48-50 In order to familiarize myself with the dihydroxylation safety catch linker
approach, I initially repeated Dr. Jean Pierre Genet reaction condition through following current
literature protocol (Scheme 5.13).43, 51 Methyl-N-Boc-L-allylglycine was prepared in 86% yield
over two steps from L-allylglycine by the Boc protection and then esterification of the acid in the
presence of methyl iodide and potassium carbonate.52-53 Methyl-N-Boc-L-allylglycine was then
treated with 1.4 g/mmol of AD-mix-α catalyst to furnish compound 5.3 in 26% isolated yield. In
the 2D NMR analysis, COSY was used to an initial proton assignment and then confirm the

Scheme 5.13. Synthesis of substrates 5.3.
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correlation between protons. Because the two protons, H2 and H4, in the major structure 5.3a were
overlapped in δ 4.48 – 4.37 (m, 2H), it is difficult to distinguish its stereochemistry via NOESY
(nuclear Overhauser effect spectroscopy). Fortunately, the two protons, H2’ and H4’, in the minor
structure 5.3b were shown separately in δ 4.58 – 4.50 (m, 1H) and δ 4.37 – 4.30 (m, 1H). The
absence of NOESY correlation peaks between H2’ and H4’ in the minor structure 5.3b indicates
H2’ and H4’ have the anti-stereochemistry. In addition, only H2’ has NOE correlation peak with
H3a’ (δ 2.24 – 2.16, m, 1H), meaning H2’and H3a’ have the syn stereochemistry. The diastereomeric
ratio of 5.3a/5.3b = 2:1 was determined by 1H NMR integration analysis, which matched the
literature reported diastereoselectivty.43 After all, the diastereoselectivity will not affect array-base
reaction, the key to conduct a safety-catch linker strategy is to catch the cleavage lactone product
and analyze by mass spectrometry.
With the basic strategy in place, I moved on to recover molecules cleaved from the array
surface by my safety catch linker approach. As mentioned in Chapter 1, Dr. Bo Bi in our group
has developed a safety-catch linker strategy to successfully cleave and analyze the products of a
Diels-Alder reaction performed on the array.32-33 Because each microelectrode in the array has
only 20-50 fmole of material on the polymer coating, Dr. Bo Bi employed a pyrene-labeled linker
to aid in detection of the cleavage product by HPLC or LC-MS.
To prove the molecule being released from the array was the expected lactone derivative,
my studies commenced with the independent synthesis of N-(5-(hydroxymethyl)-2oxotetrahydrofuran-3-yl)-4-(pyren-4-yl)butanamide 5.5 by mimicking the chemistry on the array
in solution (Scheme 5.14).43 Benzyl (R)-2-(4-(pyren-2-yl)butanamido)pent-4-enoate 5.4 was
prepared in 92% yield over two steps from L-allylglycine by coupling of the amine with 1pyrenebutyric acid N-hydroxysuccinimide ester and esterification of the acid with benzyl bromide.
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With the substrates in hand, the safety-catch linker method was examined). This was done by
treating substrate 5.4 with 3.5 g/mmol of AD-mix-α to introduce a diol into a cleavable linker and
and release the benzyl alcohol. Following purification, benzyl alcohol was isolated in 70% yield
and 5.5 was isolated in 30% yield. Optimization of the reactions included the use of a 4:1 mixture
of CHCl3/H2O to ensure starting material dissolving in organic layer, and sufficient AD-mix
catalyst for the dihydroxylation reaction. The NOESY spectrum revealed the cross peaks between

Scheme 5.14. Studies of safety-catch linker using substrate 5.4.
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H4 and H2 in the major structure 5.3a, shown in δ 4.86 – 4.73 (m, 1H) and 4.53 – 4.45 (m, 1H).
This observation assigned H4 and H2 to be the syn stereochemistry to each other.
With the success of the safety-catch linker method in the small molecule model system,
my attention was turned toward determining if the cleavage reaction could be accomplished on the
microelectrode arrays. I began with the synthesis of 4-hydroxybutyl 4-pentenoate (Scheme 5.15).
4-Penenoic acid was subjected to standard esterification conditions with EDCI, DMAP in CH2Cl2,
and 4-((tert-butyldimethylsilyl)oxy)butan-1-ol. Following the esterification reaction, the crude
coupled product was then treated with TBAF to remove the TBDMS protecting group. After
purification, the desired alcohol product was isolated in a 48% yield over two steps.

Scheme 5.15. Synthesis of 4-hydroxybutyl 4-pentenoate.
I then set out to test the viability of this approach by placing this substrate on the
microelectrode array and subjecting it to dihydroxylation reaction as shown in Scheme 5.16. There
were three steps to the experiment. The first employed a Cu(I)-catalyzed coupling reaction
between an aryl bromide on the polymer support and 4-hydroxybutyl 4-pentenoate. The array was
placed in a solution of 4-hydroxybutyl 4-pentenoate, copper (II) sulfate, triphenylphosphine, and
tetra-n-butylammonium bromide in a DMF, acetonitrile, water mixture.42 A potential of -1.7 V
was applied to all of the electrodes on the array for 4 cycles (cycle = 90 sec on and 180 sec off).
After washing off the solution for the first reaction, the chip was then subject to dihydroxylation
reaction. A solution containing 0.42 g/mmol of AD-mix-β, potassium carbonate as base, and 1.0
equivalent of 4-phenyl-1-butene as confining agent in a 1:1 mixture of t-BuOH/H2O was
previously stirred vigorously overnight to completely reduce all of the Fe(III) to Fe(II) before the
197

Scheme 5.16. Safety-catch linker on array.
array was incubated in the resulting mixture.29 A 4x3 squares pattern of microelectrodes, 12
electrodes in each square, was then selected as anode by setting potential to +2.0 V for 60 cycles
(cycle = 30 sec on and 10 sec off). This was done to control the rate at which the Fe(III) was
generated to oxidize Os(VI) to Os(VIII). After the dihydroxylation reaction, the array was subject
to the vitamin B12 mediated esterification reaction between the new formed alcohol and a pyrenelabeled activated ester.54-56 In this case, the required base was generated at selected electrodes in a
4x3 squares pattern by setting potential to -2.0 V for 40 cycles (cycle = 30 sec on and 10 sec off).
The resulting image (Scheme 5.16) indicates that the coupling only occurred at the previously
underwent safety-catch linker method electrodes. This verified that the dihydroxylation reaction
successfully cleaved the linker and unmasked the alcohol, and then the new formed alcohol can
undergo esterification reaction with 1-pyrenebutyric acid N-hydroxysuccinimide ester.
The control experiment was then conducted in order to clarify the level of confinement for
the dihydroxylation reaction. The control experiment also verified that the safety catch linker was
responsible for cleavage of the ester on the substrate, rather than the vitamin B12 used as base in
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Scheme 5.17. A check on the confinement of the dihydroxylation reaction.
the subsequent labeling with pyrene. To this end, the dihydroxylation reaction was performed on
the selected electrodes in the array (again 4x3 squares pattern), and then the base-catalyzed
esterification reaction was conducted on the whole array. Once again, the NHS-activated ester
used was tagged with a pyrene group and the resulting array was examined with the use of a
fluorescence microscope. The image of the array (Scheme 5.17) shows fluorescence in the same
pattern in which the dihydroxylation was previously conducted (rather than the whole array)
indicated the successful cleavage of the linker on the surface.
With the success of the array-based dihydroxylation reaction and the independently
synthesized safety catch linker product 5.5 in hand, I sought to place conduct the dihydroxylation
reaction on array-bound substrate (and hence cleavage from the array surface), and isolate the
lactone product by analytical methods. As in Scheme 5.18, L-allylglycine was first coupled to the
pyrene activated ester. Following amide formation, the acid was subjected to standard
esterification condition with EDCI, DMAP in CH2Cl2, and 4-((tert-butyldimethylsilyl)oxy)butan1-ol, resulting compound 5.6 in 84% yield over two steps. Last, compound 5.6 was treated with
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TBAF to remove the TBDMS group. After purification, the desired product 5.7 was isolated in
83% yield.

Scheme 5.18. Preparation of safety-catch linker for array reaction.

The array reactions used to demonstrate our ability to fully characterize the molecule
placed on the array is outlined in Scheme 5.19. To this end, a 1-K arrays was coated with the
diblock copolymer in the same manner as before. The experiment began by a Cu(I)-catalyzed
coupling reaction between aryl bromide surface and the previously synthesized alcohol 5.7 at every
microelectrode on the array. The dihydroxylation product was then generated on the array in a
checkerboard pattern to verify cleavage. To do this, the array was submerged into a 1:1 mixture of
t-BuOH/H2O containing AD-mix-α, K2CO3, CH3NH2SO2 as phase-transfer agent, and 4-phenyl1-butene as confining agent. The checkerboard-pattern of microelectrodes was then used as anodes
to oxidize the solution phase Fe(II) back to Fe(III) and then re-generate Os(VIII) for the
dihydroxylation reaction. The oxidation is run by applying a potential of +2.0 V to the selected
microelectrodes for 1800 cycles (0.5 sec. on, 0.1 sec. off). The success of the reaction was
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Scheme 5.19. Dihydroxylation reaction with a safety-catch linker on microelectrode array.
determined by the removal of fluorescence only at the dihydroxylation electrodes. As can be seen
from the fluorescence image shown in Scheme 5.19, although the selected checkerboard pattern
of electrodes still remained a small amount of fluorescence, the lighter fluoresce intensity by the
electrodes used for the dihydroxylation suggested most of the substrates had been cleaved. The
solution above the array was then collected and the success of the dihydroxylation reaction
ascertained by ESI-MS.
In order to screen the array-based dihydroxylation reaction condition, compound 5.7 was
placed onto the other 1K using Cu(I)-coupling strategy as discussed above (Scheme 5.20). The
array was then submerged into a 7:2:1 mix of CH3CN/DMF/H2O containing AD-mix-α, K2CO3,
and 4-phenyl-1-butene as confining agent. The reaction condition was following a modified arraybased dihydroxylation developed by Dr. Bichlien H. Nguyen in our group.29 It is expected that a
mix solvent of CH3CN/DMF will increase the product 5.5 solubility and decrease the amount of
pyrene compound stick on the polymer surface. In addition, removal of the electrolyte would
facilitate detection of the lactone cleavage product by mass spectrometry via absence of the
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Scheme 5.20. Array-based dihydroxylation reaction in a 7:2:1 mix of CH3CN/DMF/H2O.
relatively huge concentrations of ionizable electrolyte salts. The dihydroxylation was again
conducted in a checkerboard pattern by setting the selected electrodes at a potential of +2.0 V for
1800 cycles (0.5 sec. on, 0.1 sec. off). The success of the dihydroxylation was ascertained with the
use of a fluorescence microscope. As in the earlier reactions, a loss of fluorescence was observed
by the selected electrodes that underwent dihydroxylation.
In order to further verify that the observed loss of fluorescence after the dihydroxylation
reaction was due to lactone formation and cleavage from the array surface, the reaction solution
was removed from the array and subjected to ESI-MS analysis. Independently synthesized lactone
cleavage product was also submitted to ESI-MS analysis as a reference. Three ESI-MS spectra are
shown in Figure 5.1. The independently prepared pyrene lactone cleavage product 5.5 from
Scheme 5.14 is shown in Figure 5.1a. The calculated mass of compound 5.5, calculated for
C25H23NO4 [M + Na]+ is 424.1519, and the mass found was 424.1528. The reaction solutions
following the dihydroxylation reaction on the microelectrode array from the experiment shown in
Scheme 5.19 and 5.20 are individually shown in Figure 5.1b and 5.1c. Both reaction mixtures were
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found to contain the pyrene-lactone cleavage compound 5.5 [M + Na]+ at 424.1509 and 424.1516,
respectively. The mass accuracy between these three results is < 5 ppm, indicating molecules
obtained from the array are identical in mass to the independently synthesized cleavage product,
and further proving the mechanism for loss of fluorescence on the array.

Figure 5.1. ESI-MS test safety-catch linker result.
(a) Independently synthesized compound 5.5. (b) The reaction solution following the arraybased dihydroxylation in a 1:1 mix of t-BuOH/H2O. (c) The reaction solution following the
array-based dihydroxylation in a 7:2:1 mix of CH3CN/DMF/H2O.

One of the major benefits of using olefin as the protecting group is that it may be
compatible/orthogonal to multiple reaction methodologies. As mentioned above, electrodes in the
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microelectrode array can be used to generate acid, acid, base, Pd(0), and hydrogenation reactions
and then remove Boc,31-32 Fmoc,33 Alloc,34 and Cbz57 groups site-selectively on the arrays. In order

Scheme 5.21. Synthesis of substrates 5.8 and 5.9.
to test this hypothesis, I wanted to see whether it would be possible on the arrays to first deprotect
a Boc group then perform the Os(VIII)-catalyzed oxidation/cleavage utilizing the olefin safety
catch linker strategy. In order to do so, I synthesized compound 5.9 which contains the olefin safety
catch linker and a Boc-protected amine (Scheme 5.21). Compound 5.8 was synthesized in 92%
yield over two steps by the Boc protection of L-allylglycine and then standard esterification with
EDCI, DMAP in CH2Cl2, and 4-((tert-butyldimethylsilyl)oxy)butan-1-ol.43, 51 Compound 5.8 was
then treated with TBAF to remove the TBS protecting, affording compound 5.9 in 60% yield
(Scheme 5.21).
A 1K array coated with arylbromide polymer was used to conduct the following synthesis
sequences as discussed earlier: 1) Cu(I)-coupling to add the alcohol of compound 5.9 onto the
aryl-bromide polymer;42 2) acid-catalyzed deprotection of Boc group;32,
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and 3) the base-

catalyzed amide formation between the unmasked amine and pyrene-NHS ester33 (Scheme 5.22a).
These three steps were done at all of the electrodes on the array, and then the same array was
incubated in a 1:1 mixture of t-BuOH/H2O containing AD-mix-α, K2CO3, CH3NH2SO2 as phasetransfer agent, and 4-phenyl-1-butene as confining agent. The selected electrodes in checkerboard
pattern was set as anode in array for the cis-hydroxylation reaction. The success of the reaction
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Scheme 5.22. Testing t-Boc group orthogonal to olefin group on microelectrode array.
was again determined by the remove of fluorescence on the selected electrodes. In addition, the
crude array reaction mixture was subjected to ESI-MS analysis (Scheme 5.22b). The desired
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pyrene lactone cleavage product 5.5 mass (calculated for C25H23NO4 [M + H]+ is 402.1700) was
found at 402.1698 in the crude array supernatant. As a reference, the independently synthesized
lactone 5.5 was found at 402.1708. Since the mass accuracy of the spectrometer is < 5 ppm, this
result verifies the substrate mass removed from the array and the independently synthesized
lactone were both in agreement with the hypothesized structure. These experiments also prove the
t-Boc and olefine group can be orthogonal to each other and then sequentially deprotected one at
a time.

5.3

Conclusion
The preparative-scale dihydroxylation reactions have successfully demonstrated that an

olefin can be a potential site for array-based diversification strategies where the olefin can be used
to generate a vicinal diol, an aldehyde, or a boronate ester. The site-selective dihydroxylation
reaction conditions studied on the arrays has demonstrated in addition that an olefin can be treated
as a protecting group to mask an alcohol, which can be used in a Kenner safety-catch linker method
to provide us a chance to reclaim the substrate from the surface for characterization. Using this
strategy in the future, the pyrene-labeled amino acid shown above can be replaced with other amino
acid-based biological targets for applications in array signaling studies and subsequent MS
analysis.

5.4

Experimental Procedure

General procedure 1 (GP-1): Chemical asymmetric dihydroxylation, following the reported
procedure.5, 16, 21 To a stirred solution of AD-mix (1.4 g, 1.4 g/mmol substrate) in a 1:1 mixture of
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t-BuOH/H2O (10 mL, 0.1 M) or 4:1 mixture of CHCl3/H2O (20 mL, 0.05 M) was added olefin
substrate (1 mmol) at 0 ºC, and the mixture was stirred 24-48 h at room temperature until both
phases are clear. The reaction was quenched at 0 ºC by addition of Na2SO3 (1.5 g) and then warmed
to room temperature and stirred for 30 min. The reaction mixture was extracted with EtOAc (3 x
20 mL). The combined organic layers were then dried with MgSO4 and concentrated in vacuo. The
crude diol was then purified via flash column chromatography.

General procedure 2 (GP-2): Electrochemical asymmetric dihydroxylation, following the
reported procedure.6-8, 59 A three-neck round bottom flask equipped with the 1cm x 1cm x 1cm
pieces of RVC-anode and carbon-cathode was charged with AD-mix, substrate (1 mmol), and
K2CO3 (3 mmol) in a 1:1 mixture of t-BuOH/H2O (10 mL, 0.1 M). The electrolysis reaction was
carried out at constant current until complete consumption of the starting material (the progress of
the reaction was monitored by TLC and 1H-NMR). When complete, the reaction was quenched
with Na2SO3 (1.5 g) and then warmed to room temperature and stirred for 30 min. The reaction
mixture was extracted with EtOAc (3 x 20 mL). The combined organic layers were then dried with
MgSO4 and concentrated in vacuo. The crude diol was then purified via flash column
chromatography.

General procedure 3 (GP-3): carbonate formation, following the reported procedure.44 To a
solution of (Cl3CO)2CO (1.19 g, 4.0 mmol, 0.4 eq.) in anhydrous toluene (25 mL, 0.4 M), at -45 º
C dry ice bath, and under argon, pyridine (1.2 mL, 15.0 mmol, 1.5 eq.) was added dropwise during
1 h and the resulting suspension stirred at 0 °C for further 1 h. After addition of 3- Phenyl-1propanol (1.4 mL, 10.0 mmol, 1.0 eq.) dropwise over a period of 30 min, the mixture was stirred
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at room temperature for 24 h, the solid was filtered off and the solvent concentrated to yield 3phenylpropyl chloroformate, which was used without further purification. The crude 3phenylpropyl chloroformate was dissolved in CH2Cl2 (50 mL, 0.2 M) followed by the addition of
pyridine (1.2 mL, 15.0 mmol, 1.5 eq) and allyl alcohol (0.87 g, 15 mmol, 1.5 eq.)/ but-3-en-1-ol
(1.08 g, 15 mmol, 1.5 eq.) at 0 oC. The reaction mixture was allowed to stir and reach room
temperature overnight before quenching with water and extracting with CH2Cl2 (3 x 20 mL). The
combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. The crude
mixture was then purified via flash column chromatography.

General procedure 4 (GP-4): esterification, following the reported procedure.60 To a flame dried
RBF was added alcohol (1.0 eq.) with DMAP (1.0 eq.) and EDCI (1.2 eq.). The flask was cooled
to 0 °C before the addition of carboxylic acid (1.0 eq.) in DCM (0.2 M). The reaction was then
stirred and allowed to reach RT overnight. After 24 h the reaction was diluted with DCM (30 mL)
and washed with saturated NaHCO3 (3 x 25 mL). The aqueous layer was then back extracted with
DCM (2x20 mL). The combined organic layers were then dried with MgSO4 and concentrated in
vacuo. The resulting oil was then purified via flash column chromatography.

General procedure 5 (GP-5): TBDMS deprotection. A stirring solution of TBS protected
alcohol (1.0 eq.) in THF (0.2 M) was brought to 0 °C before addition of 1 M TBAF solution in
THF (2 eq.). After 3 h, the reaction was quenched with saturated NH4Cl (15 mL). The aqueous
layer was then extracted with EtOAc (3 x 20 mL). The combined organic layers were then dried
with MgSO4 and concentrated in vacuo. The resulting oil was then purified via flash column
chromatography.
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HRMS-ESI: High-res mass spectrometry electrospray ionization was recorded on a Waters
Synapt G2 HDMS or a Bruker maXis 4G UHR-TOF mass spectrometer. Analytical HPLC: The
sample was analyzed on an Avant 2000 HPLC with a Shodex Asahipak ODP-50-2D reverse phase
column with a gradient mobile phase of H2O and MeOH at running at 30 °C at 0.5 mL/min, which
was in series with an Advion Expression-L Compact Mass Spectrometer; UV-vis absorbance was
recorded at 254 nm. Low-res mass spectrometry electrospray ionization (LRMS-ESI) was
recorded on an Advion Expression-L Compact Mass Spectrometer (ESI+ or ESI-).

4-phenylbutane-1,2-diol.

Prepared according to GP-1 using 4-phenyl-1-butene (132 mg, 1.0 mmol) and AD-mix-β (1.4 g,
1.4 g/mmol substrate). The product 162 mg (98% yield) as colorless oil was obtained after column
chromatography (eluent: Hexane/EtOAc 2:1). Spectra matched the literature.36 1H NMR (500 MHz,
CDCl3) δ 7.21 – 7.09 (m, 5H), 3.63 – 3.56 (m, 1H), 3.51 (dd, J = 11.4, 2.9 Hz, 1H), 3.46 (br s,
2H), 3.34 (dd, J = 11.4, 7.8 Hz, 1H), 2.69 – 2.52 (m, 2H), 1.70 – 1.56 (m, 2H). 13C NMR (126
MHz, CDCl3) δ 141.7, 128.4, 128.3, 125.9, 71.5, 66.6, 34.5, 31.7.

3-phenylpropanal (CAS number: 104-53-0).
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Method a: PhI(OAc)2 mediated diol cleavage, following the reported procedure.37 To a solution
of 4-phenylbutane-1,2-diol (166 mg, 1.0 mmol, 1.0 eq.) in CH2Cl2 (10 mL, 0.1 M) was added
PhI(OAc)2 (386 mg, 1.2 mmol, 1.2 eq.). After stirring at room temperature for 2 h, the reaction
was concentrated without work-up and purified by column chromatography (eluent:
Hexane/EtOAc 5:1). 5.4 mg (4% yield) colorless oil was obtained.
Method b: NaIO4 mediated diol cleavage following the reported procedure.38-39 To a solution of
4-phenylbutane-1,2-diol (166 mg, 1.0 mmol, 1.0 eq.) in a 1:1 mixture of THF/H2O (10 mL, 0.1 M)
was added NaIO4 (855 mg, 4.0 mmol, 4 eq.). The mixture was stirred at room temperature for 4 h
before diluted with EtOAc (10 mL) and H2O (10 mL). The phases were separated, and the aqueous
layer was extracted with EtOAc (2 x 10 mL). The combined organic layers were then dried with
MgSO4 and concentrated in vacuo. The resulting oil was purified by column chromatography
(Hexane/EtOAc 5:1) to afford 40 mg (30% yield) of aldehyde as a colorless oil. Spectra matched
the commercial reagent (Sigma Aldrich). 1H NMR (500 MHz, CDCl3) δ 9.73 (s, 1H), 7.21 (dd, J
= 8.1, 6.8 Hz, 2H), 7.15 – 7.09 (m, 3H), 2.87 (t, J = 7.6 Hz, 2H), 2.69 (t, J = 7.6 Hz, 2H). 13C NMR
(126 MHz, CDCl3) δ 201.5, 140.3, 128.6, 128.3, 126.3, 45.3, 28.1.

4-phenethyl-2-(pyren-1-yl)-1,3,2-dioxaborolane.

To a solution of 4-phenylbutane-1,2-diol (266 mg, 1.60 mmol, 1.0 eq.) in CH2Cl2 (16 mL, 0.1 M)
was added flame dried MgSO4 (384 mg, 3.2 mmol, 2.0 eq.). The reaction was stirred at room
temperature for 16 h until no starting material was observed by TLC. The reaction mixture was
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diluted with CH2Cl2 (20 mL) and filtered to remove solid. The filtrate was then concentrated in
vacuo. The crude product was then purified via column chromatography (Hexane/EtOAc 4:1) to
give 156 mg (95% yield) of pinacol ester as a yellow solid. 1H NMR (500 MHz, CDCl3) δ 9.04 (d,
J = 9.2 Hz, 1H), 8.55 (d, J = 7.6 Hz, 1H), 8.24 – 7.91 (m, 7H), 7.45 – 7.06 (m, 5H), 4.71 – 4.64
(m, 1H), 4.51 (t, J = 8.3 Hz, 1H), 4.15 – 3.99 (m, 1H), 2.94 (ddd, J = 14.6, 9.4, 5.5 Hz, 1H), 2.83
(ddd, J = 14.1, 9.2, 6.9 Hz, 1H), 2.13 (dtd, J = 14.0, 8.5, 5.4 Hz, 1H), 2.06 – 1.91 (m, 1H).
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NMR (126 MHz, CDCl3) δ 141.2, 136.5, 134.1, 134.1, 133.6, 131.0, 130.7, 128.6, 128.5, 128.5,
127.9, 127.8, 127.4, 126.0, 125.7, 125.4, 125.3, 124.5, 124.4, 124.1, 76.7, 71.0, 37.9, 31.6. IR
(neat, cm-1) 1510, 1373, 1296, 1263, 1219, 1126, 1084, 1041, 854, 731, 700, 665. HRMS-ESI
(m/z): calculated for C26H21BO2 [M + H]+: 377.17119; found 377.17131.

[Compound 5.1]
allyl (3-phenylpropyl) carbonate.

Prepared according to GP-3 using allyl alcohol (0.87 g, 15 mmol, 1.5 eq.). The product 1.6 g (74%
yield) as colorless oil was obtained after column chromatography (eluent: Hexane/EtOAc 4:1).
Spectra matched the literature.61 1H NMR (500 MHz, CDCl3) δ 7.33 (t, J = 7.7 Hz, 2H), 7.26 –
7.19 (m, 3H), 5.99 (ddt, J = 17.2, 10.5, 5.8 Hz, 1H), 5.41 (dd, J = 17.2, 1.2 Hz, 1H), 5.31 (dd, J =
10.5, 1.4 Hz, 1H), 4.67 (d, J = 5.8 Hz, 2H), 4.21 (t, J = 6.5 Hz, 2H), 2.82 – 2.68 (m, 2H), 2.11 –
1.85 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 154.9, 140.8, 131.5, 128.3, 128.2, 125.9, 118.6, 68.1,
67.1, 31.7, 30.1.

[Compound 5.2]
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but-3-en-1-yl (3-phenylpropyl) carbonate.

Prepared according to GP-3 using but-3-en-1-ol (1.08 g, 15 mmol, 1.5 eq.). The product 1.8 g
(77% yield) as colorless oil was obtained after column chromatography (eluent: Hexane/EtOAc
4:1). 1H NMR (500 MHz, CDCl3) δ. 1H NMR (500 MHz, CDCl3) δ 7.30 (t, J = 7.5 Hz, 2H), 7.21
– 7.17 (m, 3H), 5.81 (ddt, J = 17.1, 10.4, 5.8 Hz, 1H), 5.23 – 5.03 (m, 2H), 4.27 – 4.10 (m, 4H),
2.79 (t, J = 6.1 Hz, 2H), 2.50 – 2.40 (m, 2H), 2.10 – 1.83 (m, 2H). 13C NMR (126 MHz, CDCl3)
155.2, 141.0, 133.5, 128.5, 128.4, 126.1, 117.6, 67.2, 66.9, 33.1, 31.9, 30.3. IR (neat, cm-1) 2959,
1740, 1642, 1496, 1454, 1399, 1247, 1011, 962, 916, 790, 745, 698, 641, 594, 490. HRMS-ESI
(m/z): calculated for C14H18O3 [M + Na]+: 257.1148; found 257.1159.

3,4-dihydroxybutyl (3-phenylpropyl) carbonate.

Prepared according to GP-1 using but-3-en-1-yl (3-phenylpropyl) carbonate 5.2 (280 mg, 1.2
mmol, 1.0 eq.) and AD-mix-β (1.68 g, 1.4 g/mmol substrate). The product 294 mg (91% yield) as
colorless oil was obtained after column chromatography (eluent: Hexane/EtOAc 2:1). 1H NMR
(500 MHz, CDCl3) δ 7.29 – 7.23 (m, 2H), 7.20 – 7.13 (m, 3H), 4.28 (t, J = 6.7 Hz, 2H), 4.12 (t, J
= 6.6 Hz, 2H), 3.94 (br s, 2H), 3.85 – 3.76 (m, 1H), 3.61 (dd, J = 11.4, 3.0 Hz, 1H), 3.44 (dd, J =
11.4, 7.2 Hz, 1H), 2.67 (t, J = 8.0 Hz, 2H), 2.04 – 1.91 (m, 2H), 1.82 – 1.66 (m, 2H). 13C NMR
(126 MHz, CDCl3) δ 155.2, 140.7, 128.2, 128.1, 125.8, 68.6, 67.2, 66.3, 64.6, 31.9, 31.6, 29.9. IR
(neat, cm-1) 3401, 3059, 3028, 2950, 1740, 1603, 1496, 1454, 1403, 1261, 1054, 1029, 953, 897,
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867, 791, 732, 699, 593, 489, 432, 408. HRMS-ESI (m/z): calculated for C14H20O5 [M + H]+:
269.1384; found 269.1383.

methyl (R)-2-((tert-butoxycarbonyl)amino)pent-4-enoate.

Synthesized following a modified literature procedure.52-53 A stirring solution of L-allylglycine
(576 mg, 5.0 mmol, 1.0 eq.) in THF/H2O (10:1, 25 mL, 0.2 M) at 0 °C was added Boc2O (1.31 g,
6.0 mmol, 1.2 eq.) and diisopropylethylamine (1.8 mL, 10.0 mmol, 2 equiv.). The reaction was
allowed to warm to room temperature and stirred for 18 h, after which the reaction mixture was
acidified to pH 2 with 1 M HCl and extracted with EtOAc (3 x 50 mL). The combined organic
layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo to give 1.02
g (95% crude) 2-((tert-butoxycarbonyl)amino)pent-4-enoic acid as a clear oil that was used
without further purification. The crude acid was re-dissolved in DMF (10 mL, 0.5 M), to which
K2CO3 (2.76 g, 10.0 mmol, 2 eq.) and iodomethane (0.6 mL, 10.0 mmol, 2 eq.) were added at 0
°C. The reaction was allowed to warm to room temperature and stirred for 18 h, after which the
reaction mixture was diluted with H2O (100 mL) and extracted with EtOAc (3 x 50 mL). The
combined organic layers were then dried with MgSO4 and concentrated in vacuo. The crude
product was purified by column chromatography (Hexane/EtOAc 10:1) to give 986 mg (86%
yield) of product as a colorless oil over two steps. Spectra matched the literature.52-53 1H NMR
(500 MHz, CDCl3) δ 5.72 – 5.60 (m, 1H), 5.10 (d, J = 5.6 Hz, 1H), 5.09 – 5.07 (m, 1H), 5.04 (br
s, 1H), 4.46 – 4.25 (m, 1H), 3.70 (s, 3H), 2.57 – 2.31 (m, 2H), 1.40 (s, 9H). 13C NMR (126 MHz,
CDCl3) δ 172.5, 155.1, 132.2, 118.9, 79.8, 52.8, 52.1, 36.7, 28.2.
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[Compound 5.3]
tert-butyl (5-(hydroxymethyl)-2-oxotetrahydrofuran-3-yl)carbamate.

Prepared according to GP-1 using methyl (R)-2-((tert-butoxycarbonyl)amino)pent-4-enoate (459
mg, 2.0 mmol, 1.0 eq.) and AD-mix-α (2.8 g, 1.4 g/mmol substrate). The product 120 mg (26%
yield) as a white solid was obtained after column chromatography (Hexane/EtOAc 1:2). Spectra
matched the literature.51, 62-63 In the 2D NMR analysis, proton NMR, carbon NMR, COSY, HSQC,
and NOESY were used to assign the position of proton and carbon. 5.3a: 1H NMR (500 MHz,
DMSO-d6) δ 7.32 (t, J = 8.2 Hz, 1H), 5.06 (t, J = 5.7 Hz, 1H), 4.50 – 4.39 (m, 2H), 3.58 (tdd, J =
12.3, 5.5, 2.9 Hz, 1H), 3.46 (dq, J = 12.1, 6.1 Hz, 1H), 2.37 – 2.26 (m, 1H), 2.01 – 1.82 (m, 1H),
1.39 (s, 9H). 13C NMR (126 MHz, DMSO-d6) 175.1, 155.1, 78.4, 77.5, 62.5, 49.1, 29.9, 28.1. 5.3b:
1

H NMR (500 MHz, DMSO-d6) δ 7.32 (t, J = 8.2 Hz, 1H), 5.15 (t, J = 5.4 Hz, 1H), 4.60 – 4.52

(m, 1H), 4.39 – 4.32 (m, 1H), 3.58 (tdd, J = 12.3, 5.5, 2.9 Hz, 1H), 3.46 (dq, J = 12.1, 6.1 Hz, 1H),
2.37 – 2.26 (m, 1H), 2.25 – 2.18 (m, 1H), 1.39 (s, 9H). 13C NMR (126 MHz, DMSO-d6) 175.7,
155.1, 78.4, 77.3, 63.1, 50.2, 29.9, 28.1. IR (neat, cm-1) 3319, 2942, 2831, 1448, 1021, 627.
HRMS-ESI (m/z): calculated for C10H17NO5 [M + Na]+: 254.0999; found 254.1000.

2,5-dioxopyrrolidin-1-yl 4-(pyren-1-yl)butanoate (CAS number: 114932-60-4).
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Prepared according to GP-4: esterification, using 1-pyrenebutyric acid (2.5 g, 8.67 mmol, 1.0 eq.)
and N-hydroxysuccinimide (1.0 g, 8.67 mmol, 1.0 eq.). The crude product was purified via column
chromatography (toluene/EtOAc 10:1) to give 2.0 g (60 % yield) of pyrene-N-hydroxysuccinimide
ester as yellow solid. Spectra matched the commercial reagent (Sigma Aldrich) and the literature.64
1

H NMR (500 MHz, CDCl3) δ 8.26 (d, J = 9.2 Hz, 1H), 8.15 (dd, J = 7.5, 4.0 Hz, 2H), 8.13 – 8.07

(m, 2H), 8.04 – 7.94 (m, 3H), 7.86 (d, J = 7.7 Hz, 1H), 3.45 (t, J = 7.6 Hz, 2H), 2.80 (s, 4H), 2.72
(t, J = 7.1 Hz, 2H), 2.28 (tt, J = 7.6, 7.1 Hz, 2H).

2-(4-(pyren-2-yl)butanamido)pent-4-enoic acid.

Synthesized following a modified literature procedure.52, 65-66 To a solution of L-allylglycine (0.90
g, 7.78 mmol, 1.0 eq.) in CH2Cl2/DMF (2:1, 10 mL, 0.5 M) at 0 °C was added
diisopropylethylamine (2.7 mL, 15.56 mmol, 2.0 eq.) and 1-pyrenebutyric acid Nhydroxysuccinimide ester (3.0 g, 7.78 mmol, 1.0 eq.). The reaction mixture was allowed to warm
to room temperature and stirred for 18 h. The solvent was removed via rotary evaporator and the
resulting oil was re-dissolved in EtOAc (50 mL) and extracted with H2O (3 x 30 mL). The
combined aqueous layers were then acidified to pH 2 with 1 M HCl and extracted with EtOAc (3
x 30 mL). The combined organic layers were washed with brine, dried over MgSO4, filtered, and
concentrated in vacuo to give 2.85 g (95% crude) 2-(4-(pyren-2-yl)butanamido)pent-4-enoic acid
as a yellow solid that was used without further purification.
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[Compound 5.4]
benzyl (R)-2-(4-(pyren-2-yl)butanamido)pent-4-enoate.

2-(4-(pyren-2-yl)butanamido)pent-4-enoic acid was prepared according to the identical reaction
condition shown above. For screening the esterification conditions, three reactions were run in
parallel. Method a: triethylamine as base, following the reported procedure.67 To the crude
product (0.50 g, 1.30 mmol, 1.0 eq.), NaI (0.19 g, 1.30 mmol, 1.0 eq.) was added and the mixture
was dissolved in dry CH2Cl2 (10 mL, 0.1 M). To the resulting suspension, benzyl bromide (0.4
mL, 2.60 mmol, 2.0 eq.) and triethylamine (2.7 mL, 2.99 mmol, 2.3 eq.) were added and the
reaction was stirred overnight. After 24 hours, the mixture was washed with water, the organic
phase dried over MgSO4, filtered, and concentrated in vacuo. The crude product was purified by
column chromatography (toluene/EtOAc 10:1) to give 142 mg (23% yield) of product as a yellow
solid over two steps.
Method b: cesium carbonate as base. To a stirred solution of the crude product (1.0 g, 2.59 mmol,
1.0 eq.) in anhydrous DMF (10 mL, 0.26 M) was added Cs2CO3 (1.27 g, 3.89 mmol, 1.5 eq.),
followed by dropwise addition of benzyl bromide (0.4 mL, 3.16 mmol, 1.2 eq.). Reaction was
stirred at room temperature overnight. After 24 hours, the reaction was diluted with EtOAc (50
mL). The organic layer was then washed with saturated NaHCO3 (3 × 30 mL). The aqueous layer
was then back extracted with EtOAc (3 × 150 mL). The combined organic layers were dried with
anhydrous Na2SO4 and concentrated in vacuo. The crude product was purified by column
chromatography (toluene/EtOAc 10:1) to give 1.15 g (93% yield) of product as a yellow solid over
two steps.
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Method c: potassium carbonate as base. To a stirred solution of the crude product (1.0 g, 2.59
mmol, 1.0 eq.) in anhydrous NMP (10 mL, 0.26 M) was added K2CO3 (537 mg, 3.89 mmol, 1.5
eq.), followed by dropwise addition of benzyl bromide (0.4 mL, 3.16 mmol, 1.2 eq.). Reaction was
stirred at room temperature overnight. After 24 hours, the reaction was diluted with EtOAc (50
mL). The organic layer was then washed with saturated NaHCO3 (3 × 30 mL). The aqueous layer
was then back extracted with EtOAc (3 × 150 mL). The combined organic layers were dried with
anhydrous Na2SO4 and concentrated in vacuo. The crude product was purified by column
chromatography (toluene/EtOAc 10:1) to give 1.12 g (92% yield) of product as a yellow solid over
two steps. 1H NMR (500 MHz, CDCl3) δ 8.22 (d, J = 9.2 Hz, 1H), 8.09 (dd, J = 7.7, 3.1 Hz, 2H),
8.03 (dd, J = 8.6, 2.6 Hz, 2H), 7.97 – 7.89 (m, 3H), 7.78 (d, J = 7.8 Hz, 1H), 7.29 (m, 5H), 6.05
(d, J = 7.2 Hz, 1H), 5.60 (ddt, J = 17.3, 10.3, 7.2 Hz, 1H), 5.23 – 4.93 (m, 4H), 4.80 – 4.69 (m,
1H), 3.30 (t, J = 7.6 Hz, 2H), 2.71 – 2.38 (m, 2H), 2.27 (t, J = 7.5 Hz, 2H), 2.22 – 2.04 (m, 2H).
13

C NMR (126 MHz, CDCl3) δ 172.2, 171.6, 135.6, 135.1, 132.0, 131.3, 130.8, 129.8, 128.6, 128.5,

128.3, 128.2, 127.3, 127.2, 127.2, 126.5, 125.7, 124.9, 124.8, 124.7, 124.6, 124.6, 123.2, 119.1,
67.1, 51.5, 36.4, 35.7, 32.5, 27.1. IR (neat, cm-1) 3297, 3038, 2931, 1740, 1649, 1534, 1455, 1382,
1185, 992, 921, 844, 752, 697. HRMS-ESI (m/z): calculated for C32H29NO3 [M + Na]+: 498.2040;
found 498.2036.

[Compound 5.5]
N-(5-(hydroxymethyl)-2-oxotetrahydrofuran-3-yl)-4-(pyren-4-yl)butanamide.
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Prepared according to GP-1 using benzyl (R)-2-(4-(pyren-2-yl)butanamido)pent-4-enoate (475
mg, 1.0 mmol, 1.0 eq.) and AD-mix-α (3.50 g, 3.5 g/mmol substrate). The product 120 mg (30%
yield) as a yellow solid was obtained after column chromatography (toluene/EtOAc 1:2). 1H NMR
(500 MHz, DMSO-d6) δ 8.43 (d, J = 8.1 Hz, 1H), 8.38 (d, J = 9.2 Hz, 1H), 8.24 (t, J = 7.5 Hz, 2H),
8.19 (dd, J = 8.2, 3.7 Hz, 2H), 8.16 – 8.07 (m, 2H), 8.03 (t, J = 7.6 Hz, 1H), 7.92 (d, J = 7.8 Hz,
1H), 4.81 (dt, J = 11.6, 8.8 Hz, 1H), 4.68 – 4.57 (m, 1H), 4.50 (tt, J = 9.0, 5.5 Hz, 1H), 4.29 (br s,
2H), 3.64 (dd, J = 12.3, 3.1 Hz, 1H), 3.49 (ddd, J = 21.8, 11.7, 5.4 Hz, 2H), 3.41 (dd, J = 10.8, 5.2
Hz, 1H), 3.33 (dd, J = 10.9, 5.8 Hz, 3H), 2.42 – 2.27 (m, 3H), 2.08 – 1.93 (m, 2H). 13C NMR (126
MHz, DMSO-d6) δ 175.6, 175.0, 172.1, 172.0, 136.5, 130.9, 130.4, 129.3, 128.1, 127.5, 127.4,
127.2, 126.5, 126.1, 125.0, 124.9, 124.8, 124.2, 124.1, 123.5, 77.8, 77.7, 63.1, 62.3, 48.9, 48.1,
34.8, 32.0, 29.8, 27.5. IR (neat, cm-1) 3323, 2943, 2833, 2517, 2256, 2150, 2050, 1769, 1650, 1543,
1450, 1415, 1195, 1111, 1020, 844, 612. HRMS-ESI (m/z): calculated for C25H23NO4 [M + H]+:
402.1700, found 402.1697; [M + Na]+: 424.1519, found 424.1528.

4-((tert-butyldimethylsilyl)oxy)butan-1-ol (CAS number: 87184-99-4).

To a solution of 1,4-butanediol (6.58 g, 73.0 mmol, 1.1 eq.) in THF (100 mL, 0.66 M) at 0 °C was
added NaH (60% dispersion in mineral oil, 2.92g, 73.0 mmol, 1.1 eq.). The reaction mixture was
stirred at 0 °C for 30 min, warmed to room temperature, and stirred for 2 h. TBSCl (10.0 g, 66.35
mmol, 1.0 eq) was then added. The reaction was allowed to stir and reach room temperature
overnight. After 24 hours, the mixture was quenched by addition of NH4Cl (100 mL) at 0 °C. The
aqueous layer was extracted with EtOAc (3 × 150 mL) and the combined organic layers were
washed with brine (50 mL), dried with anhydrous Na2SO4, and concentrated in vacuo. The residue
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was purified by column chromatography (4:1 hexanes/EtOAc) to afford alcohol 10.44 g (77%
yield) as a colorless oil. Spectra matched the literature.67-68 1H NMR (500 MHz, CDCl3) δ 3.79 –
3.47 (m, 4H), 2.75 (br s, 1H), 1.74 – 1.45 (m, 4H), 0.88 (s, 9H), 0.04 (s, 6H). 13C NMR (126 MHz,
CDCl3) δ 63.3, 62.6, 30.1, 29.8, 25.9, 18.3, -5.4.

4-hydroxybutyl pent-4-enoate.

The reaction was set up according to GP-4: esterification, using pent-4-enoic acid (2.5 g, 25.0
mmol, 1.0 eq.) and 4-((tert-butyldimethylsilyl)oxy)butan-1-ol (5.1 g, 25.0 mmol, 1.0 eq.). The
crude material was then subjected to GP-5: TBDMS deprotection, using 4-((tertbutyldimethylsilyl)oxy)butyl pent-4-enoate (5.51 g, 19.25 mmol, 1.0 eq.). The crude product was
then purified via column chromatography (Hexane/EtOAc 2:1) to give 2.07 g (48 % yield) of
alcohol as colorless oil over two steps. 1H NMR (500 MHz, CDCl3) δ 5.74 (ddt, J = 17.2, 10.3, 6.2
Hz, 1H), 4.98 (dd, J = 17.2, 1.5 Hz, 1H), 4.93 (dd, J = 10.3, 1.5 Hz, 1H), 4.03 (t, J = 6.6 Hz, 2H),
3.57 (t, J = 6.4 Hz, 2H), 2.64 – 2.21 (m, 4H), 1.97 (br s, 1H), 1.80 – 1.35 (m, 4H). 13C NMR (126
MHz, CDCl3) δ 173.1, 136.4, 115.3, 64.1, 61.8, 33.3, 28.8, 28.6, 24.9. IR (neat, cm-1) 3408, 2944,
1731, 1641, 1351, 1170, 1040, 996, 914. HRMS-ESI (m/z): calculated for C9H16O3 [M + H]+:
173.1172, found 173.1177; [M + Na]+: 195.0992, found 195.1001; [M + K]+: 211.0731, found
211.0737.

[Compound 5.6]
4-((tert-butyldimethylsilyl)oxy)butyl (R)-2-(4-(pyren-2-yl)butanamido)pent-4-enoate.
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2-(4-(pyren-2-yl)butanamido)pent-4-enoic acid was prepared according to the identical reaction
condition shown above. The reaction was then set up according to GP-4: esterification, using 2(4-(pyren-2-yl)butanamido)pent-4-enoic acid (887 mg, 2.3 mmol, 1.0 eq.) and 4-((tertbutyldimethylsilyl)oxy)butan-1-ol (563 mg, 2.8 mmol, 1.2 eq.). The product was purified via
column chromatography (toluene/EtOAc 10:1) to give 1.11g (84 % yield) of product as a yellow
solid. 1H NMR (500 MHz, CDCl3) δ 8.29 (d, J = 9.2 Hz, 1H), 8.15 (dd, J = 7.0, 4.8 Hz, 2H), 8.12
– 8.05 (m, 2H), 8.04 – 7.96 (m, 3H), 7.86 (d, J = 7.8 Hz, 1H), 6.04 (d, J = 7.5 Hz, 1H), 5.75 – 5.59
(m, 1H), 5.14 – 5.11 (m, 1H), 5.11 – 5.07 (m, 1H), 4.76 – 4.70 (m, 1H), 4.29 – 4.11 (m, 2H), 3.62
(t, J = 6.1 Hz, 2H), 3.38 (t, J = 7.7 Hz, 2H), 2.66 – 2.47 (m, 2H), 2.34 (t, J = 7.8 Hz, 2H), 2.22 (t,
J = 7.3 Hz, 2H), 1.76 – 1.66 (m, 2H), 1.61 – 1.53 (m, 2H), 0.89 (s, 9H), 0.05 (s, 6H).

13

C NMR

(126 MHz, CDCl3) δ 172.2, 171.8, 135.7, 132.2, 131.3, 130.8, 129.9, 128.7, 127.4, 127.3, 127.3,
126.6, 125.8, 125.0, 124.9, 124.8, 124.7, 124.7, 123.3, 119.1, 65.5, 62.4, 51.5, 36.6, 35.8, 32.6,
29.0, 27.2, 25.9, 25.9, 25.2, -5.4. IR (neat, cm-1) 3322, 2928, 2856, 1736, 1654, 1510, 1462, 1389,
1361, 1251, 1191, 1095, 1046, 1006, 922, 834, 774, 735, 704, 681, 665. HRMS-ESI (m/z):
calculated for C35H45NO4Si [M + Na]+: 594.3010; found 594.2999.

[Compound 5.7]
4-hydroxybutyl (R)-2-(4-(pyren-2-yl)butanamido)pent-4-enoate.
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Prepared according to GP-5: TBDMS deprotection on 1.6 mmol scale. The product was purified
via column chromatography (toluene/EtOAc 3:1) to give 613 mg (83 % yield) of alcohol as a
yellow oil. 1H NMR (500 MHz, CDCl3) δ 8.24 (d, J = 9.2 Hz, 1H), 8.13 (dd, J = 7.5, 3.8 Hz, 2H),
8.09 – 8.03 (m, 2H), 7.97 (d, J = 11.9 Hz, 3H), 7.81 (d, J = 7.8 Hz, 1H), 6.26 (d, J = 7.7 Hz, 1H),
5.77 – 5.64 (m, 1H), 5.13 (br s, 1H), 5.10 (d, J = 4.1 Hz, 1H), 4.71 (q, J = 6.6 Hz, 1H), 4.14 (t, J =
6.5 Hz, 2H), 3.57 (t, J = 6.3 Hz, 2H), 3.33 (t, J = 7.6 Hz, 2H), 2.66 – 2.43 (m, 3H), 2.31 (t, J = 6.8
Hz, 2H), 2.25 – 2.13 (m, 2H), 1.76 – 1.63 (m, 2H), 1.61 – 1.51 (m, 2H). 13C NMR (126 MHz,
CDCl3) δ 172.5, 171.7, 135.5, 132.1, 131.1, 130.6, 129.7, 128.5, 127.2, 127.1, 127.1, 126.5, 125.6,
124.8, 124.7, 124.7, 124.6, 124.5, 123.1, 118.9, 65.2, 61.7, 51.5, 36.2, 35.5, 32.4, 28.7, 27.1, 24.8.
IR (neat, cm-1) 3301, 3041, 2942, 1737, 1649, 1603, 1539, 1436, 1416, 1347, 1189, 1040, 994,
923, 844, 758, 708, 681, 621. HRMS-ESI (m/z): calculated for C29H31NO4 [M + Na]+: 480.2145;
found 480.2138.

[Compound 5.8]
4-((tert-butyldimethylsilyl)oxy)butyl 2-((tert-butoxycarbonyl)amino)pent-4-enoate.

Synthesized following a modified literature procedure.52-53 A stirring solution of L-allylglycine
(576 mg, 5.0 mmol, 1.0 eq.) in THF/H2O (10:1, 25 mL, 0.2 M) at 0 °C was added Boc2O (1.31 g,
6.0 mmol, 1.2 eq.) and diisopropylethylamine (1.8 mL, 10.0 mmol, 2 equiv.). The reaction was
221

allowed to warm to room temperature and stirred for 18 h, after which the reaction mixture was
acidified to pH 2 with 1 M HCl and extracted with EtOAc (3 x 50 mL). The combined organic
layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo to give 1.02
g (95% crude) 2-((tert-butoxycarbonyl)amino)pent-4-enoic acid as a clear oil that was used
without further purification. The crude product was then carried into the esterification reaction
following GP-4: esterification, using 4-((tert-butyldimethylsilyl)oxy)butan-1-ol (1.22 g, 6.0
mmol, 1.2 eq.). The crude product was purified via column chromatography (hexane/EtOAc 10:1)
to give 1.85 g (92 % yield) of product as a clear oil. 1H NMR (500 MHz, CDCl3) δ 5.73 – 5.60 (m,
1H), 5.10 (d, J = 5.5 Hz, 1H), 5.08 (br s, 1H), 5.04 (d, J = 7.6 Hz, 1H), 4.43 – 4.27 (m, 1H), 4.13
(t, J = 5.9 Hz, 2H), 3.60 (t, J = 6.2 Hz, 2H), 2.57 – 2.39 (m, 2H), 1.73 – 1.62 (m, 2H), 1.61 – 1.48
(m, 2H), 1.41 (s, 9H), 0.86 (s, 9H), 0.01 (s, 6H).

13

C NMR (126 MHz, CDCl3) δ 172.0, 155.1,

132.3, 118.9, 79.7, 65.2, 62.4, 52.9, 36.8, 29.0, 28.2, 25.8, 25.2, 18.2, -5.4. IR (neat, cm-1) 2929,
2857, 1715, 1497, 1390, 1365, 1250, 1160, 1098, 1050, 918, 833, 774, 662. HRMS-ESI (m/z):
calculated for C20H39NO5Si [M + Na]+: 424.2490; found 424.2496.

[Compound 5.9]
4-hydroxybutyl 2-((tert-butoxycarbonyl)amino)pent-4-enoate.

Prepared according to GP-5: TBDMS deprotection on 4.6 mmol scale. The product was purified
via column chromatography (hexane/EtOAc 2:1) to give 793 mg (60 % yield) of alcohol as a clear
oil. 1H NMR (500 MHz, CDCl3) δ 5.71 – 5.59 (m, 1H), 5.14 – 5.04 (m, 2H), 4.29 (br s, 1H), 4.12
(t, J = 5.2 Hz, 2H), 4.10 – 3.92 (m, 1H), 3.60 (t, J = 6.4 Hz, 2H), 2.64 – 2.16 (m, 3H), 1.76 – 1.63
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(m, 2H), 1.63 – 1.53 (m, 2H), 1.39 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 172.0, 155.2, 132.2,
118.9, 79.8, 65.1, 64.2, 52.9, 36.6, 28.8, 28.2, 24.9. IR (neat, cm-1) 3369, 2937, 1695, 1504, 1391,
1365, 1244, 1159, 1045, 921, 754, 607. HRMS-ESI (m/z): calculated for C14H25NO5 [M + Na]+:
310.1625; found 310.1625.

Chemistry on Microelectrode arrays.
The diblock copolymer PBrSt-b-CEMA synthesis and the procedure for coating arrays were
accomplished according to literature protocol.30, 58 A 12-K microelectrode array was spin-coated
using a MODEL WS-400B-6NPP/LITE spin-coater at 1000 rpm for 40 seconds with PBrSt-bCEMA solution (0.03 g/mL in 1:1 THF/p-xylene). A 1-K microelectrode was coated under the
similar condition but at 800 rpm for 40 seconds. The polymer coating was allowed to dry for 15
minutes and then cross-linked using 100 W mercury lamp for 20 minutes before use.

Cu(I)-catalyzed aryl bromide and 4-hydroxybutyl pent-4-enoate coupling on the 12-K
array.42

A mixture of 10.0 mg Bu4NBr and 4-hydroxybutyl pent-4-enoate as well as 10 μL of 50 mM
solution of CuSO4 and 10 μL of 120 mM solution of PPh3 were dissolved into 100 μL DMF. The
DMF mixture was dissolved into 1.5 mL of a 7:2:1 mix of CH3CN/DMF/H2O. A portion of this
solution was then placed in a thin film flow cell in between a polymer coated 12 K array and a Ptcounter electrode sputtered onto the cap covering the array. The spacing between the array and the
cap was approximately 0.6 to 0.85 mm.69 The reaction was conducted by setting the voltage of the
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array to -1.7 V relative to the counter electrode for 90 seconds and then off for 180 seconds. This
was repeated four times, and then the array was repeatedly washed with ethanol.

AD-mix-β catalyzed electrochemical dihydroxylation on 12-K array.29

To a stirred solution of AD-mix-β (0.42 g, 0.42 g/mmol substrate) in a 1:1 mixture of t-BuOH/H2O
(10 mL, 0.1 M) was added 4-phenyl-1-butene (0.13 g, 1 mmol) and K2CO3 (0.4 g, 3 mmol) at 0
ºC, and the mixture was stirred overnight at room temperature until both phases are clear. This
solution was used to conduct the array reaction in the manner described above. The reaction was
conducted by setting the voltage of the array to +2.0 V relative to the Pt-counter electrode for 60
cycles (30s on and 10s off). After reaction, the array was repeatedly washed with a sat. Na2SO3
solution and methanol before examination using a fluorescence microscope.

Vitamin B12 mediated based-catalyzed esterification.32-33

A mixture of 10 mg vitamin B12, 10 mg tetramethylammonium nitrate, and 10 mg 1-pyrenebutyric
acid N-hydroxysuccinimide ester was dissolved in 1.5 mL of CH3OH. This solution was used to
conduct the 12-K array reaction in the manner described above. The reaction was conducted by
setting the voltage of the array to -2.0 V relative to the Pt-counter electrode for 40 cycles (30s on
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and 10s off). After reaction, the array was repeatedly washed with ethanol and examined with a
fluorescence microscope.

Cu(I)-catalyzed aryl bromide and alcohol coupling reaction on the 1-K array.42

10.0 mg each of Bu4NBr and compound with an alcohol functional group (compound 5.7 or 5.9),
as well as 10 μL each of a 50 mM solution of CuSO4 and 120 mM solution of PPh3 were dissolved
into 100 μL DMF in an Eppendorf tube. The DMF mixture was then dissolved into 1.5 mL of a
7:2:1 mix of CH3CN/DMF/H2O. A 1-K array was incubated in this solution. The reaction was
conducted by setting the voltage of the array to -2.4 V relative to the counter electrode for 1800
cycles (0.5 sec on and 0.1 sec off). When the reaction was complete, the array was removed from
the solution and then washed with ethanol.

AD-mix-α catalyzed electrochemical dihydroxylation on 1-K array.29

Method a: To a stirred solution of AD-mix-α (0.14 g, 0.7 g/mmol substrate) in a 1:1 mixture of tBuOH/H2O (2 mL, 0.1 M) in an Eppendorf tube was added 4-phenyl-1-butene (30 μL, 0.2 mmol),
K2CO3 (0.4 g, 3 mmol, 3.0 eq.), and CH3SO2NH2 (0.02 g, 0.2 mmol, 1.0 eq.), and the mixture was
stirred overnight at room temperature until both phases are clear. A 1-K array was incubated in this
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stirred solution. The reaction was conducted by setting the voltage of the array to +2.0 V relative
to the Pt-counter electrode for 1800 cycles (0.5 sec on and 0.1 sec off). After reaction, the array
was repeatedly washed with a sat. Na2SO3 solution, DMF and EtOAc before examination using a
fluorescence microscope. The solution in the Eppendorf tube was quenched by addition of sat.
Na2SO3 solution and then stirred for 30 min. The reaction mixture was extracted with EtOAc (3 x
5 mL). The combined organic layers were then dried with MgSO4 and concentrated in vacuo. The
yellow precipitate was dried using lyophilization overnight before analyzed by HRMS-ESI.

Method b: To a stirred solution of AD-mix-α (0.14 g, 0.7 g/mmol substrate) in a 7:2:1 mix of
CH3CN/DMF/H2O (2 mL, 0.1 M) in an Eppendorf tube was added 4-phenyl-1-butene (30 μL, 0.2
mmol) and K2CO3 (0.4 g, 3 mmol, 3 eq.) at 0 ºC, and the mixture was stirred overnight at room
temperature. A 1-K array was incubated in this stirred solution. The reaction was conducted by
setting the voltage of the array to +2.0 V relative to the Pt-counter electrode for 1800 cycles (0.5
sec on and 0.1 sec off). After reaction, the array was repeatedly washed with a sat. Na2SO3 solution,
DMF and EtOAc before examination using a fluorescence microscope. The solution in the
Eppendorf tube was quenched by addition of sat. Na2SO3 solution and then stirred for 30 min. The
reaction mixture was extracted with EtOAc (3 x 5 mL). The combined organic layers were then
dried with MgSO4 and concentrated in vacuo. The yellow precipitate was dried using
lyophilization overnight before analyzed by HRMS-ESI.

Example of the electrochemical deprotection of Boc group on 1-K array.32-33, 58
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A mixture of 100 mg each of Bu4NPF6 and diphenylhydrazine was dissolved into 1.5 mL methanol
in an Eppendorf tube. A 1-K array was incubated in this solution. The reaction was conducted by
setting the voltage of the array to +3.0 V relative to the counter electrode for 900 cycles (0.5 sec
on and 0.1 sec off). When the reaction was complete, the array was removed from the solution and
then washed with ethanol.

Vitamin B12 mediated based-catalyzed amidation on 1-K array.32-33

A mixture of 10 mg vitamin B12, 10 mg tetramethylammonium nitrate, and 10 mg 1-pyrenebutyric
acid N-hydroxysuccinimide ester was dissolved in 1.5 mL of CH3OH. This solution was used to
conduct the 12-K array reaction in the manner described above. The reaction was conducted by
setting the voltage of the array to -2.4 V relative to the Pt-counter electrode for 1800 cycles (0.5
sec on and 0.1 sec off). When the reaction was complete, the array was removed from the solution
and then washed with ethanol.

5.5

References

1.

Egami, H.; Sodeoka, M., Trifluoromethylation of Alkenes with Concomitant Introduction

of Additional Functional Groups. Angew Chem Int Edit 2014, 53 (32), 8294-8308.
2.

Courant, T.; Masson, G., Recent Progress in Visible-Light Photoredox-Catalyzed

Intermolecular 1,2-Difunctionalization of Double Bonds via an ATRA-Type Mechanism. Journal
of Organic Chemistry 2016, 81 (16), 6945-6952.
227

3.

Yin, G. Y.; Mu, X.; Liu, G. S., Palladium(II)-Catalyzed Oxidative Difunctionalization of

Alkenes: Bond Forming at a High-Valent Palladium Center. Accounts Chem Res 2016, 49 (11),
2413-2423.
4.

Tanaka, H.; Kuroboshi, M.; Takeda, H.; Kanda, H.; Torii, S., Electrochemical asymmetric

epoxidation of olefins by using an optically active Mn-salen complex. J Electroanal Chem 2001,
507 (1-2), 75-81.
5.

Amundsen, A. R.; Balko, E. N., Preparation of Chiral Diols by the Osmium-Catalyzed,

Indirect Anodic-Oxidation of Olefins. Journal of Applied Electrochemistry 1992, 22 (9), 810-816.
6.

Torii, S.; Liu, P.; Tanaka, H., Electrochemical Os-Catalyzed Asymmetric Dihydroxylation

of Olefins with Sharpless Ligand. Chem Lett 1995, (4), 319-320.
7.

Torii, S.; Liu, P.; Bhuvaneswari, N.; Amatore, C.; Jutand, A., Chemical and

electrochemical asymmetric dihydroxylation of olefins in I-2-K2CO3-K2OsO2(OH)(4) and I-2K3PO4/K2HPO4-K2OsO2(OH)(4) systems with sharpless' ligand. Journal of Organic Chemistry
1996, 61 (9), 3055-3060.
8.

Nguyen, B. H.; Perkins, R. J.; Smith, J. A.; Moeller, K. D., Photovoltaic-driven organic

electrosynthesis and efforts toward more sustainable oxidation reactions. Beilstein J Org Chem
2015, 11.
9.

Andersson, M. A.; Epple, R.; Fokin, V. V.; Sharpless, K. B., A new approach to osmium-

catalyzed asymmetric dihydroxylation and aminohydroxylation of olefins. Angew Chem Int Edit
2002, 41 (3), 472-475.
10.

Fu, N. K.; Sauer, G. S.; Saha, A.; Loo, A.; Lin, S., Metal-catalyzed electrochemical

diazidation of alkenes. Science 2017, 357 (6351), 575-579.

228

11.

Parry, J. B.; Fu, N. K.; Lin, S., Electrocatalytic Difunctionalization of Olefins as a General

Approach to the Synthesis of Vicinal Diamines. Synlett 2018, 29 (3), 257-265.
12.

Fu, N. K.; Sauer, G. S.; Lin, S., Electrocatalytic Radical Dichlorination of Alkenes with

Nucleophilic Chlorine Sources. Journal of the American Chemical Society 2017, 139 (43), 1554815553.
13.

Yuan, Y.; Chen, Y. X.; Tang, S.; Huang, Z. L.; Lei, A. W., Electrochemical oxidative

oxysulfenylation and aminosulfenylation of alkenes with hydrogen evolution. Sci Adv 2018, 4 (8).
14.

Criegee, R., Osmium acid ester as an intermediate product in oxydation. Liebigs Ann Chem

1936, 522, 75-96.
15.

Schroder, M., Osmium Tetraoxide Cis-Hydroxylation of Unsaturated Substrates. Chemical

Reviews 1980, 80 (2), 187-213.
16.

Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G. A.; Hartung, J.; Jeong, K. S.;

Kwong, H. L.; Morikawa, K.; Wang, Z. M.; Xu, D. Q.; Zhang, X. L., The Osmium-Catalyzed
Asymmetric Dihydroxylation - a New Ligand Class and a Process Improvement. Journal of
Organic Chemistry 1992, 57 (10), 2768-2771.
17.

Amberg, W.; Bennani, Y. L.; Chadha, R. K.; Crispino, G. A.; Davis, W. D.; Hartung, J.;

Jeong, K. S.; Ogino, Y.; Shibata, T.; Sharpless, K. B., Syntheses and Crystal-Structures of the
Cinchona Alkaloid Derivatives Used as Ligands in the Osmium-Catalyzed Asymmetric
Dihydroxylation of Olefins. Journal of Organic Chemistry 1993, 58 (4), 844-849.
18.

Jacobsen, E. N.; Marko, I.; Mungall, W. S.; Schroder, G.; Sharpless, K. B., Asymmetric

Dihydroxylation Via Ligand-Accelerated Catalysis. Journal of the American Chemical Society
1988, 110 (6), 1968-1970.

229

19.

Lohray, B. B.; Kalantar, T. H.; Kim, B. M.; Park, C. Y.; Shibata, T.; Wai, J. S. M.;

Sharpless, K. B., Documenting the Scope of the Catalytic Asymmetric Dihydroxylation.
Tetrahedron Lett 1989, 30 (16), 2041-2044.
20.

Ogino, Y.; Chen, H.; Kwong, H. L.; Sharpless, K. B., On the Timing of Hydrolysis

Reoxidation in the Osmium-Catalyzed Asymmetric Dihydroxylation of Olefins Using Potassium
Ferricyanide as the Reoxidant. Tetrahedron Lett 1991, 32 (32), 3965-3968.
21.

Kolb, H. C.; Vannieuwenhze, M. S.; Sharpless, K. B., Catalytic Asymmetric

Dihydroxylation. Chemical Reviews 1994, 94 (8), 2483-2547.
22.

Sharpless, K. B., Coelacanths and Catalysis. Tetrahedron 1994, 50 (15), 4235-4258.

23.

Minato, M.; Yamamoto, K.; Tsuji, J., Osmium Tetraoxide Catalyzed Vicinal

Hydroxylation of Higher Olefins by Using Hexacyanoferrate(Iii) Ion as a Cooxidant. Journal of
Organic Chemistry 1990, 55 (2), 766-768.
24.

Kwong, H. L.; Sorato, C.; Ogino, Y.; Hou, C.; Sharpless, K. B., Preclusion of the 2nd Cycle

in the Osmium-Catalyzed Asymmetric Dihydroxylation of Olefins Leads to a Superior Process.
Tetrahedron Lett 1990, 31 (21), 2999-3002.
25.

Gobel, T.; Sharpless, K. B., Temperature Effects in Asymmetric Dihydroxylation -

Evidence for a Stepwise Mechanism. Angewandte Chemie-International Edition in English 1993,
32 (9), 1329-1331.
26.

Hentges, S. G.; Sharpless, K. B., Asymmetric Induction in the Reaction of Osmium-

Tetroxide with Olefins. Journal of the American Chemical Society 1980, 102 (12), 4263-4265.
27.

Wai, J. S. M.; Marko, I.; Svendsen, J. S.; Finn, M. G.; Jacobsen, E. N.; Sharpless, K. B., A

mechanistic insight leads to a greatly improved osmium-catalyzed asymmetric dihydroxylation
process. Journal of the American Chemical Society 1989, 111 (3), 1123-1125.

230

28.

Hoi-Lun, K.; Sorato, C.; Ogino, Y.; Hou, C.; Barry Sharpless, K., Preclusion of the “second

cycle” in the osmium-catalyzed asymmetric dihydroxylation of olefins leads to a superior process.
Tetrahedron Lett 1990, 31 (21), 2999-3002.
29.

Nguyen, B. H.; Kesselring, D.; Tesfu, E.; Moeller, K. D., Microelectrode Arrays: A

General Strategy for Using Oxidation Reactions To Site Selectively Modify Electrode Surfaces.
Langmuir 2014, 30 (8), 2280-2286.
30.

Hu, L. B.; Bartels, J. L.; Bartels, J. W.; Maurer, K.; Moeller, K. D., A New Porous Reaction

Layer for Developing Addressable Molecular Libraries. Journal of the American Chemical Society
2009, 131 (46), 16638-+.
31.

Maurer, K.; McShea, A.; Strathmann, M.; Dill, K., The removal of the t-BOC group by

electrochemically generated acid and use of an addressable electrode array for peptide synthesis.
J Comb Chem 2005, 7 (5), 637-640.
32.

Bi, B.; Maurer, K.; Moeller, K. D., Building Addressable Libraries: The Use of "Safety-

Catch" Linkers on Microelectrode Arrays. Journal of the American Chemical Society 2010, 132
(49), 17405-17407.
33.

Bi, B.; Huang, R. Y. C.; Maurer, K.; Chen, C.; Moeller, K. D., Site-Selective, Cleavable

Linkers: Quality Control and the Characterization of Small Molecules on Microelectrode Arrays.
Journal of Organic Chemistry 2011, 76 (21), 9053-9059.
34.

Hu, L. B.; Stuart, M.; Tian, J.; Maurer, K.; Moeller, K. D., Building Addressable Libraries:

Site-Selective Use of Pd(0) Catalysts on Microelectrode Arrays. Journal of the American Chemical
Society 2010, 132 (46), 16610-16616.
35.

Moeller, K. D., Using Physical Organic Chemistry To Shape the Course of Electrochemical

Reactions. Chem Rev 2018, 118 (9), 4817-4833.

231

36.

Vikhe, Y. S.; Hande, S. M.; Kawai, N.; Uenishi, J., Stereochemistry of Intermolecular

Oxypalladation: Pd-II-Catalyzed 1,3-Chirality Transfer Reaction of Chiral Allylic Alcohol with
Methanol. Journal of Organic Chemistry 2009, 74 (15), 5174-5180.
37.

Nicolaou, K. C.; Adsool, V. A.; Hale, C. R. H., An Expedient Procedure for the Oxidative

Cleavage of Olefinic Bonds with PhI(OAc)(2), NMO, and Catalytic OsO4. Organic Letters 2010,
12 (7), 1552-1555.
38.

Couty, S.; Meyer, C.; Cossy, J., Gold-catalyzed cycloisomerizations of ene-ynamides.

Tetrahedron 2009, 65 (9), 1809-1832.
39.

Bosset, C.; Angibaud, P.; Stanfield, I.; Meerpoel, L.; Berthelot, D.; Guerinot, A.; Cossy, J.,

Iron-Catalyzed Synthesis of C2 Aryl- and N-Heteroaryl-Substituted Tetrahydropyrans. Journal of
Organic Chemistry 2015, 80 (24), 12509-12525.
40.

Hesse, M. J.; Butts, C. P.; Willis, C. L.; Aggarwal, V. K., Diastereodivergent Synthesis of

Trisubstituted Alkenes through Protodeboronation of Allylic Boronic Esters: Application to the
Synthesis of the Californian Red Scale Beetle Pheromone. Angew Chem Int Edit 2012, 51 (50),
12444-12448.
41.

Kenner, G. W.; McDermott, J. R.; Sheppard, R. C., The safety catch principle in solid phase

peptide synthesis. Journal of the Chemical Society D: Chemical Communications 1971, (12), 636637.
42.

Bartels, J.; Lu, P.; Maurer, K.; Walker, A. V.; Moeller, K. D., Site-Selectively

Functionalizing Microelectrode Arrays: The Use of Cu(I)-Catalysts. Langmuir 2011, 27 (17),
11199-11205.
43.

Girard, A.; Greck, C.; Genet, J. P., Rapid syntheses of 3-amino-5-hydroxymethyl-gamma-

lactones from L-allylglycine. Tetrahedron Lett 1998, 39 (24), 4259-4260.

232

44.

Suto, T.; Yanagita, Y.; Nagashima, Y.; Takikawa, S.; Kurosu, Y.; Matsuo, N.; Sato, T.;

Chida, N., Unified Total Synthesis of Madangamines A, C, and E. Journal of the American
Chemical Society 2017, 139 (8), 2952-2955.
45.

Crich, D.; Hwang, J.-T.; Liu, H., Optimizing the 5-exo6-endo ratio of vinyl radical

cyclizations through catalysis with diphenyl diselenide. Tetrahedron Lett 1996, 37 (18), 31053108.
46.

Sutterer, A.; Moeller, K. D., Reversing the Polarity of Enol Ethers: An Anodic Route to

Tetrahydrofuran and Tetrahydropyran Rings. Journal of the American Chemical Society 2000, 122
(23), 5636-5637.
47.

Debernardo, S.; Tengi, J. P.; Sasso, G. J.; Weigele, M., Clavalanine (Ro 22-5417), a New

Clavam Antibiotic from Streptomyces-Clavuligerus .4. A Stereorational Synthesis. Journal of
Organic Chemistry 1985, 50 (19), 3457-3462.
48.

Evans, R. H.; Ax, H.; Jacoby, A.; Williams, T. H.; Jenkins, E.; Scannell, J. P., Ro-22-5417,

a New Clavam Antibiotic from Streptomyces-Clavuligerus .2. Fermentation, Isolation and
Structure. J Antibiot 1983, 36 (3), 213-216.
49.

Muller, J. C.; Toome, V.; Pruess, D. L.; Blount, J. F.; Weigele, M., Ro-22-5417, a New

Clavam Antibiotic from Streptomyces-Clavuligerus .3. Absolute Stereochemistry. J Antibiot 1983,
36 (3), 217-225.
50.

Pruess, D. L.; Kellett, M., Ro-22-5417, a New Clavam Antibiotic from Streptomyces-

Clavuligerus .1. Discovery and Biological-Activity. J Antibiot 1983, 36 (3), 208-212.
51.

Williams, R. M.; Sinclair, P. J.; Zhai, D.; Chen, D., Practical asymmetric syntheses

of .alpha.-amino acids through carbon-carbon bond constructions on electrophilic glycine
templates. Journal of the American Chemical Society 1988, 110 (5), 1547-1557.

233

52.

O'Duill, M. L.; Matsuura, R.; Wang, Y. Y.; Turnbull, J. L.; Gurak, J. A.; Gao, D. W.; Lu,

G.; Liu, P.; Engle, K. M., Tridentate Directing Groups Stabilize 6-Membered Palladacycles in
Catalytic Alkene Hydrofunctionalization. Journal of the American Chemical Society 2017, 139
(44), 15576-15579.
53.

Kou, Q.; Wang, T.; Zou, F.; Zhang, S.; Chen, Q.; Yang, Y., Design, synthesis and

biological evaluation of C(4) substituted monobactams as antibacterial agents against multidrugresistant Gram-negative bacteria. European Journal of Medicinal Chemistry 2018, 151, 98-109.
54.

Tesfu, E.; Roth, K.; Maurer, K.; Moeller, K. D., Building Addressable Libraries: Site

Selective Coumarin Synthesis and the “Real-Time” Signaling of Antibody−Coumarin Binding.
Organic Letters 2006, 8 (4), 709-712.
55.

Stuart, M.; Maurer, K.; Moeller, K. D., Moving known libraries to an addressable array: A

site-selective hetero-Michael reaction. Bioconjugate Chem 2008, 19 (8), 1514-1517.
56.

Bartels, J. L.; Lu, P.; Walker, A.; Maurer, K.; Moeller, K. D., Building addressable libraries:

a site-selective click-reaction strategy for rapidly assembling mass spectrometry cleavable linkers.
Chem Commun 2009, (37), 5573-5575.
57.

Moeller, K. D., Using Physical Organic Chemistry To Shape the Course of Electrochemical

Reactions. Chemical Reviews 2018, 118 (9), 4817-4833.
58.

Hu, L. B.; Graaf, M. D.; Moeller, K. D., The Use of UV-Cross-Linkable Di-Block

Copolymers as Functional Reaction Surfaces for Microelectrode Arrays. J Electrochem Soc 2013,
160 (7), G3020-G3029.
59.

Nguyen, B. H.; Redden, A.; Moeller, K. D., Sunlight, electrochemistry, and sustainable

oxidation reactions. Green Chem 2014, 16 (1), 69-72.

234

60.

Rensing, D. T.; Uppal, S.; Blumer, K. J.; Moeller, K. D., Toward the Selective Inhibition

of G Proteins: Total Synthesis of a Simplified YM-254890 Analog. Organic Letters 2015, 17 (9),
2270-2273.
61.

Ohkubo, M.; Mochizuki, S.; Sano, T.; Kawaguchi, Y.; Okamoto, S., Selective cleavage of

allyl and propargyl ethers to alcohols catalyzed by Ti(O-i-Pr)(4)/MXn/Mg. Organic Letters 2007,
9 (5), 773-776.
62.

Kurokawa, N.; Ohfune, Y., Synthetic studies on antifungal cyclic peptides, echinocandins.

Stereoselective total synthesis of echinocandin D via a novel peptide coupling. Tetrahedron 1993,
49 (28), 6195-6222.
63.

Shiro, Y.; Kato, K.; Fujii, M.; Ida, Y.; Akita, H., First synthesis of polyoxin M. Tetrahedron

2006, 62 (37), 8687-8695.
64.

Ryu, H.; Baek, J. H.; Choi, M. G.; Lee, J. C.; Chang, S. K., Cu2+-s elective turn-on

fluorescence signaling based on metal-induced hydrolysis of pyrenecarbohydrazide. Tetrahedron
Lett 2017, 58 (30), 2927-2930.
65.

Clemente, M. J.; Fitremann, J.; Mauzac, M.; Serrano, J. L.; Oriol, L., Synthesis and

Characterization of Maltose-Based Amphiphiles as Supramolecular Hydrogelators. Langmuir
2011, 27 (24), 15236-15247.
66.

Chen, S. X.; Wang, L.; Fahmi, N. E.; Benkovic, S. J.; Hecht, S. M., Two Pyrenylalanines

in Dihydrofolate Reductase Form an Excimer Enabling the Study of Protein Dynamics. Journal of
the American Chemical Society 2012, 134 (46), 18883-18885.
67.

Kang, E. J.; Cho, E. J.; Ji, M. K.; Lee, Y. E.; Shin, D. M.; Choi, S. Y.; Chung, Y. K.; Kim,

J. S.; Kim, H. J.; Lee, S. G.; Lah, M. S.; Lee, E., Stereoselective synthesis of (+)-SCH 351448: A

235

unique ligand system for sodium, calcium, and other cations. Journal of Organic Chemistry 2005,
70 (16), 6321-6329.
68.

Zhang, W. W.; Lin, S. H.; Du, C. L.; Feng, S. B.; Liu, Z. M.; Zhang, J.; Xie, X. G.; Wang,

X. L.; Li, H. L.; She, X. G., Total Synthesis of Aspidofractinine Alkaloid Paucidirinine. Journal
of Organic Chemistry 2019, 84 (2), 1111-1116.
69.

Dill, K.; Montgomery, D. D.; Wang, W.; Tsai, J. C., Antigen detection using

microelectrode array microchips. Anal Chim Acta 2001, 444 (1), 69-78.

236

Chapter 6: Conclusion and future work

6.1

Conclusions
Over the course of this research, our motivation was to expand the synthetic methodology

needed to build small molecule libraries directly on the arrays. To this end, there are two crucial
parts to this dissertation. First, we optimized a polymer surface coated on the microelectrode arrays
for both synthesis and signaling studies in Chapter 2. Because all array-based reaction begin by
coating the array with a polymer, the stability and chemical compatibility of the polymer surface
not only affects the molecules placed by the electrodes in the arrays but also the subsequent
signaling studies. Although changing the core structure of the arylbromide diblock copolymer did
not alter the polymer properties in a fashion that would improve the signaling studies,1 we solved
the problem by developing the synthetic chemistry needed to convert the bromide surfaces ideal
for synthesis into the borate ester surface ideal for signaling using either site-selective Pd(0)- or
Cu(I)-chemistry on the array.2 We then demonstrated that the new borate ester surface behaved
identical to surfaces that were made directly from a borate ester based diblock copolymer. The
chemistry developed allows for the use of both the optimal surface for synthesis and the optimal
surface for signaling to be used on the same array.
With that foundation in place, Chapter 3-5 reports our attempt to develop oxidativecleavable protecting group strategies for use on the microelectrode arrays. Key to an array-based
parallel synthesis are the following requirements: (1) alcohols or amines are orthogonally
protected, meaning the selective removal of one protecting group at a time; (2) the follow-up basecatalyzed esterification is used to diversify a core molecular scaffold directly on the arrays,
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requiring all of the other protecting groups to be acid and base stable; (3) fluorescence signaling
as well as chemical cleavable linker strategies are essential to determine the confinement of siteselective array reactions and full characterization of molecule on the surface. Chapter 3 of this
dissertation described detail on the selective deprotection of Cbz derived protecting groups: monop-methoxybenzyl moiety and 2,4-dimethoxybenzyl moiety. A new challenge arose when the Cbzgroup decomposed under even mildly acidic conditions. This is a significant barrier because the
long-term goal listed above is base-catalyzed esterification reaction to diversify the molecules on
the surface, which requires acid as the confining agent. Three alternative strategies were tried to
avoid the decomposition of the protecting group in acid due to electron-donation from the parasubstituent on the ring. However, none of these strategies were successful and we learned that the
initial Cbz derivatives did not have the required acid/base stability for the array-based parallel
synthesis
This forced us to identify and then develop an entirely new strategy: benzylic position
oxidation to trigger an elimination reaction (Chapter 4). In this case, we have successfully verified
the overall strategy by selectively oxidizing the benzylic position next to the more electron rich
aromatic ring and triggering base-catalyzed beta-elimination reaction to release the alcohol or
amine. However, we were in the end unable to optimize the benzylic oxidation reaction to generate
an acceptable yield. Interestingly, we found that the use of sodium bromide as mediator led to a
high yield of the corresponding bromination product. It was clear that the aryl ring was simply too
electron-rich for the desired reaction pathway. After coming to the realization that a large family
of oxidatively cleavable groups cannot be a productive strategy, we turned our attention to utilizing
an olefin as site for the diversification. In this way, the olefin can be treated as the protecting group
to unmask an aldehyde, borate ester, or many other functional groups. Importantly, the olefin can
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also be used as a cleavable linker analogous to a Kenner safety-catch linker method.3-4 In summary,
this dissertation has expanded methodology for synthesizing molecular scaffolds directly on a
microelectrode array by utilizing the olefin as a new functional group for added diversification and
characterization.

6.2

Future Directions
Application of these reactions to directly build a small molecule library on the

microelectrode array should be the focus of future work. We must first address the challenges of
the porous reaction layer coating on the array (Scheme 6.1). As discussed in Chapter 2, the
arylbromide polymer I synthesized was difficult to control both the ratio of the number of 4bromostyrene units, n, and the ratio of the number of HEMA units, m, closer to 40 mer. This is
causing the polymer to potentially be a little bit brittle and more prone to peeling/flaking off the
array surfaces after multiple reaction steps. Therefore, closer examination of the polymerization
itself and the polymer products obtained is necessary to obtain the optimal 40/40mer polymer. In
addition, the long-term goal in Chapter 5 for applying olefin as the site for diversification may
require that all the cinnamate units have undergone the [2+2]-photochemically crosslinking in
order to get rid of side reactions with the polymer coating. There are potential Michael reactions
with the polymer that can occur that can lead to background reactions, etc. Although the olefin in
the cinnamate unit is relative electron-poor compared to the olefin in the L-allylglycine, the two
olefins may compete with each other to undergo the cis-hydroxylation reaction. In principle, there
are two possible ways to solve this problem: either adjust the ratio of the number of HEMA units
or the irradiation time.
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Scheme 6.1. The structure of arylbromide-based diblock copolymer.

Looking forward, if we intend to apply parallel synthesis strategy on the microelectrode
array, we must develop a series of orthogonal protecting group that can be selectively remove by
reagents one at a time. As mentioned in Chapter 3, an equal but opposite strategy to oxidative
cleavage protecting is the reductive cleavage protecting group. Dr. Qinquan Lu and Dr. Ruby
Krueger in our group have successfully selectively deprotected the 3,5-dinitroaryl-based protecting
group (the lower reduction potential) in the present of 4-nitroaryl-based protecting group.
Following the competition study, data obtained by Dr. Ruby Krueger has suggested that the same
aryl ring in the protecting group can be treated as a suitable reductive mediator for the reductive
cleavage reaction. This was indeed a leap forward and solved the initial concern in the reductive
cleavage reaction that reductive mediators might be challenging to obtain for the array reactions.
It may be plausible to have a set of olefin-based oxidatively cleavable and an orthogonal set of
reductively cleavable protecting groups that can be site-selectively cleaved via using the electrodes
in the array to generate the required oxidant or reductant (Scheme 6.2). In addition, the Moeller
group has developed a number of site-selective deprotection methods on the microelectrode array
including but not limited to Boc deprotection with acid,4-5 Fmoc deprotection with base,6-7 Cbz
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deprotection with hydrogen gas,8 or the alloc group deprotection with a Pd(0)-catalyst.9-11 All of
these reactions can be used together to provide the methodology necessary to build a molecule
library directly on an array.

Scheme 6.2. An idea of array-based parallel synthesis.
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Appendix: Spectral Data
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